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ABSTRACT
: C hem is ts  have  s t u d i e d  th e  mechanism o f  th e  th e rm a l  p o ly m e r iz a -
j t i o n  o f  s t y r e n e  f o r  n e a r l y  40 y e a r s .  The f i r s t  mechanism p roposed  was
t
a d i r a d i c a .1. m echanisniybut c a l c u l a t i o n s  and e x p e r im e n ts  have shown t h a t
|
| i t  i s  u n t e n a b l e .  The p r e s e n t l y  a c c e p te d  D ie l s  A ld e r  (DA) mechanism was
I
| f i r s t  p ro p o sed  by F ra n k  R. Mayo n e a r l y  l b  y e a r s  a g o .  Mayo based  h i s
p r o p o s a l  on h i s  i s o l a t i o n  o f  1 - p h e n y l t e t r a l i n  (1-P  T) from h e a te d  s t y ­
r e n e  and on h i s  f i n d i n g s  t h a t  th e  r a t e  o f  th e rm a l  p o ly m e r iz a t io n  ( R p ^ )  
i s  5 /2  o r d e r  i n  monomer, which k i n e t i c a l l y  i m p l ie s  a t e r m o le c u la r  
i n i t i a t i o n .
In  t h i s  DA m echanism , s t y r e n e  r e a c t s  by a D i e l s  A ld e r  s t e p  to  
form  4 - p h e n y l - l , 2 , 3 , 9 - t e t r a h y d r o n a p h t h a l e n e  (AH). S u b s e q u e n t ly  AH 
r e a c t s  w i th  a n o th e r  s t y r e n e  m o le c u le  by a m o le c u le  in d u ced  hom o ly s ls  
s t e p  to  p roduce  a 1 - p h e n y l t e t r n l y l  r a d i c a l  and a s t y r y l  r a d i c a l .  Then 
norm al f r e e  r a d i c a l  p o l y m e r i z a t i o n  o c c u r s .  However, no one has  been 
a b l e  to  u se  th e  D i e l s  A ld e r  mechanism to  e x p la i n  why R p ^  changes  from 
two to  5 /2  a s  t h e  monomer c o n c e n t r a t i o n  d e c r e a s e s  below one o r  to  
e x p l a i n  why th e  d e g re e  o f  p o l y m e r iz a t i o n  (P ) d e c r e a s e s  from a v e ry  
h ig h  v a lu e  a t  r e a l  low c o n v e r s io n s  to  a p l a t e a u  v a lu e  a f t e r  a p p r o x i -
t
m a te ly  IX  c o n v e r s io n .  F i n a l l y ,  no one has  i s o l a t e d  o r  s y n th e s i z e d  an 
AH o r  a n  AH a d d u c t ,  o r  h a s  shown t h a t  AH does  i n i t i a t e  by an  MIH s t e p .
We have  shown t h a t  th e  change  o f  th e  monomer o r d e r  o f  R p ^  a s  
monomer c o n c e n t r a t i o n  d e c r e a s e s  can o n ly  be e x p la in e d  by th e  DA mecha­
n ism . A l i t e r a t u r e  s tu d y  r e v e a l e d  t h a t  th e  s t y r e n e  t r i m e r
xv
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l - p h e n y l - 4 - [ l ' - p h e n y l - 1 ' - e t h y l ]  t e t r a l i n  (A -Sty) formed by AH and s t y ­
r e n e  i n  an  ene r e a c t i o n  i s  th e  m ajo r  o l ig o m er  a t  h igh  monomer concen­
t r a t i o n s  w h i le  1-PhT i s  th e  m ajo r  o l ig o m er  a t  low monomer c o n c e n t r a t i o n s .  
I f  t h i s  knowledge i s  a p p l i e d  to  th e  e x p r e s s io n  f o r  th e  s te a d y  s t a t e  con­
c e n t r a t i o n  o f  AH, we found th e n  t h a t  AH becomes f i r s t  o r d e r  i n  monomer 
a t  h ig h  c o n c e n t r a t i o n s  and second o r d e r  i n  monomer a t  monomer concen­
t r a t i o n s  l e s s  th a n  o n e .  We a p p l i e d  t h i s  k i n e t i c  change o f  AH and thus  
a r e  a b l e  to  e x p la i n  th e  change o b se rv e d  i n
Next we s im u la te d  th e  DA mechanism on a com puter and th u s  were 
a b le  to e v a lu a t e  th e  p r e v i o u s ly  u n e v a lu a te d  r a t e  c o n s t a n t s  o f  th e  DA 
mechanism. From t h i s  s tu d y ,  we a r e  a b l e  to  show t h a t  th e  change o f  P^ 
from a  l a r g e  v a lu e  to  a  p l a t e a u  v a lu e  w i th  c o n v e r s io n  i s  due to  c h a in  
t r a n s f e r  w i th  AH. B ecause AH m ust i n c r e a s e  to  a s te a d y  v a lu e ,  t h e r e  i s
o n ly  a sm a l l  amount o f  AH to  c o n t r o l  P a t  low c o n v e r s io n s .  A f t e r  AHn
has re a c h e d  a  s te a d y  s t a t e  v a l u e ,  P^ a t t a i n s  th e  e x p e c te d  p l a t e a u  v a l u e .  
We a l s o  show ou r  e v a lu a te d  r a t e  c o n s t a n t s  f o r  th e  DA mechanism i s  com­
p a t i b l e  w i th  th e  i n i t i a t e d  p o ly m e r iz a t io n  d a t a .
F i n a l l y  we have s y n th e s i z e d  and I s o l a t e d  an  AH ty p e  a d d u c t  o n ly  
by u s in g  th e  m ost r e a c t i v e  d i e n o p h i l e  4 - p h e n y l - l , 2 , 4 - t r i a z o l i n e - 3 , 5 -  
d io n e  (4-PTD) and by u s in g  a  more r e a c t i v e  d ie n e  th a n  s t y r e n e ,
2 - v in y l th io p h e n e  (2-V T).
Ph
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Coco -  A b s t r a c t  -
We have  shown f o r  th e  f i r s t  t im e  t h a t  BH, an  AH ty p e  a d d u c t ,  does  
i n i t i a t e  s t y r e n e  a s  w e l l  a s  m ethy l  a c r y l a t e  by a n  MIH r e a c t i o n .  We 
have a l s o  p r e s e n te d  a rgum en ts  t h a t  p rove  th e  i n i t i a t i o n  by BH i s  
n e i t h e r  by an  i o n i c  mechanism nor  by some im p u r i ty .
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INTRODUCTION
In  th e  l a t e  1 9 3 0 's  a group o f  German c h e m is t s 1 r e p o r t e d  t h a t  
s t y r e n e  undergoes  a c h a r a c t e r i s t i c  " s e l f - i n i t i a t e d "  th e rm al  p o ly ­
m e r i z a t io n  even a f t e r  c a r e f u l  and e x h a u s t iv e  p u r i f i c a t i o n .  This  
phenomenon has  a ro u se d  n o t  on ly  pu re  s c i e n t i f i c  i n t e r e s t  b u t  a l s o  
i n d u s t r i a l  i n t e r e s t  s i n c e  s e v e r a l  companies use  th e  h ig h  te m p e ra tu re  
th e rm a l  p o ly m e r iz a t io n  to  p roduce  hund reds  o f  to n s  o f  p o l y s t y r e n e .
The th e rm a l  r a t e  i s  16$ p e r  hour  a t  130°C. 2 D e s p i te  th e  i n t e n s e  
s tu d y  by many r e s e a r c h e r s  ove r  the  l a s t  30 y e a r s , 3 th e  e x a c t  
mechanism rem a ins  in  d o u b t  even to day .
In  1937, F lo r y 4 s u g g e s te d  th e  f i r s t  mechanism f o r  th e  therm al  
p o ly m e r iz a t io n  o f  s t y r e n e ;  he p roposed  t h a t  " t a i l - t o - t a i l "  
d i m e r i z a t i o n  f i r s t  p ro d u ce s  a d i r a d i c a l :
k .
2CHa =CH -------> •CH-CHg-CHg-CH• ( l )
1 1 1
Ph Ph Ph
(M) ( *R’ )
F lo ry  th en  assumed t h a t  th e  ends o f  th e  d i r a d i c a l  would r e a c t  
in d e p e n d e n t ly  o f  each  o t h e r  and w ro te  th e  mechanism as  i f  
m o n o ra d ica ls  underw en t a p r o p a g a t io n  s t e p  (eq  2 ) ,  c h a in  t r a n s f e r  
to  monomer s t e p  (eq  3 ) ,  and b im o le c u la r  t e r m in a t i o n  s t e p  (eq  k ) :
1
Reproduced  with permission of the copyright owner. Further reproduction prohibited without permission.
2
R. + M ------ E—-> R* ( 2 )
k trMR* + M •> Polymer + R* (3 )
k tR* + R -> Polymer ( h )
where R* i s  one end o f  th e  d i r a d i c a l  and M i s  th e  s ty r e n e  monomer. 
F lo r y  s u g g e s te d  t h i s  r a d i c a l  mechanism f o r  t h r e e  r e a s o n s .  The f i r s t  
i s  t h a t  th e  th e rm a l  p o ly m e r iz a t io n  o c c u rs  under  c o n d i t i o n s  u n f a v o r ­
a b le  f o r  an  i o n i c  r e a c t i o n  s in c e  on ly  pu re  s ty r e n e  i s  p r e s e n t .  
S e c o n d ly ,  th e  mechanism must e x p la i n  th e  u n ifo rm  m o le c u la r  w e ig h t  
o v e r  a w ide c o n v e r s io n  r a n g e ,  and t h i s  can o n ly  be done by a r a d i c a l  
c h a in  t r a n s f e r  s t e p  to  monomer and b im o le c u la r  t e r m in a t i o n .  F i n a l l y ,  
th e  mechanism must a g re e  th e rm odynam ica l ly  w i th  th e  o b se rv e d  energy  
o f  a c t i v a t i o n  f o r  th e rm a l  i n i t i a t i o n  (E^) o f  29 k c a l /m o le 4 >5 s in c e  
E^ must be g r e a t e r  th a n  th e  h e a t  o f  r e a c t i o n  (Ah). The s im p le  
o pen ing  o f  th e  doub le  bond (eq  5 )> which has  a AH o f  a b o u t  
60 k c a l /m o le ,  i s  n o t  a c c e p t a b l e .
However, F l o r y ' s  s u g g e s te d  " t a i l - t o - t a i l "  d i m e r i z a t i o n  (eq  l )  would 
be a c c e p ta b l e  s in c e  t h a t  r e a c t i o n  would have  a Ah o f  o n ly  ab o u t  10 
to  20 k c a l /m o le .
Under norm al f r e e  r a d i c a l  p o ly m e r iz a t io n  k i n e t i c s ,  th e  
c o n c e n t r a t i o n  o f  th e  grow ing polymer c h a in  r a d i c a l  [R* ] i s  assumed
CH2=CH >CH2-CH • (5 )
Ph Ph
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3
to  have  reached. a s t e a d y - s t a t e ,  and th e  v a lu e  o f  k ^ ,  k fc and k t r  a re  
assumed to  be in d e p e n d e n t  o f  c h a in  l e n g t h . 7 -1 0  Then, th e  r a t e  o f  
th e rm a l  i n i t i a t i o n  (R^) can be s e t  e q u a l  to  th e  r a t e  o f  t e r m in a t i o n
<V>
Ri  = 2 k i [M f  ( 6 )
Rfc = 2kt [R- f  (7 )
gk^M]2 = 2 R J R - ]2 (8)
and th e  r a t e  o f  n;onomer d i s a p p e a ra n c e  e q u a ls  th e  r a t e  o f  the rm al  
p o l y m e r i z a t i o n . 7 -10
■ V h  ■ v r - i[m] +  k i iM)2 +  k t r m iR- ' i M> ( 9 )
Under c o n d i t i o n s  where long  k i n e t i c  c h a in s  e x i s t ,  eq 10 i s  a good 
a p p ro x im a t io n :
Rpth “ kp [M - l [M1 (10)
Since  [R• ] c a n n o t  be m easured and [M], k ^ ,  and k^ can be d e te rm in e d ,  
[R* ] i s  r e p l a c e d  in  eq 10 w i th  th e  e x p r e s s io n  i n  eq 11.
0 * 5
I \
[R-1 "  I k M  [Ml
t>
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T h is  g iv e s  eq 12
and makes R p ^  second o r d e r  i n  monomer.
S h o r t l y  a f t e r  F lo ry  p roposed  h i s  mechanism, s t u d i e s  o f  the  
s o l u t i o n  th e rm a l  p o ly m e r iz a t io n  i n  numerous s o lv e n t s  i n d i c a t e d  the  
i n i t i a l  r a t e  o f  th e rm a l  p o ly m e r iz a t io n  ( R p ^ )  was second o r d e r  in  
m o n o m e r i n  19*10, Foord6 showed t h a t  f r e e  r a d i c a l  i n h i b i t o r s  
and r e t a r d e r s  red u ced  th e  r a t e  o f  th e rm al  p o ly m e r iz a t io n .  These 
f in d in g s  f i r m ly  e s t a b l i s h e d  t h a t  th e rm al  p o ly m e r iz a t io n  was f r e e  
r a d i c a l  in  n a tu r e  and t h a t  Rpj.^ was second o r d e r  in  monomer 
c o n c e n t r a t i o n .  In  19^3, Mayo11 su g g e s te d  t h a t  c h a in  t r a n s f e r  to  
s o lv e n t  be added to  F l o r y ' s  mechanism.
k trSR. + s-H — Pol ymer  + S- (13 )
where S*, t h e  s o lv e n t  r a d i c a l ,  adds a n o th e r  monomer u n i t  as  f a s t  
o r  f a s t e r  th an  R* and t h e r e  i s  no r e t a r d a t i o n  upon th e  r a t e  o f  
p o l y m e r i z a t i o n . 7 -1 0  Then, a c c o rd in g  to  Mayo, th e  number av e ra g e  
d e g re e  o f  p o ly m e r iz a t io n  ( l^ )  i s  e q u a l  t o  th e  r a t e  o f  p o ly m e r iz a t io n  
d iv id e d  by th e  r a t e  o f  fo rm a t io n  o f  n o n - r a d i c a l  po lym er.
P  ------------------------------------E _ - - - - - - - - - - - - - -  n k )
n  k t r S [S H H R - ]  +  k t r M [ M ] [ R . ]  +  k t [ R . ] 2
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I n v e r t i n g  b o th  s i d e s  o f  eq Ilf , d i v i d i n g  by |.R*][M], and u s in g  th e  
v a lu e  o f  [ R - ] from eq 11 g iv e  eq 15
( 1 5 )k
P
where th e  s o lv e n t  c h a in  t r a n s f e r  c o n s t a n t  C_ i s  d e f in e d  as  k
and C„, th e  monomer c h a in  t r a n s f e r  c o n s t a n t ,  i s  k. . . / k . Thus, M’ * trM p *
Mayo showed t h a t  th e  r e d u c t i o n  in  th e  m o le c u la r  w e ig h t  o f  the  
polym er from a s o l u t i o n  th e rm al  p o ly m e r iz a t io n  i s  due to  c h a in  
t r a n s f e r  w i th  s o l v e n t .
Mayo's e q u a t i o n  (eq  15)» th e  s m a l l e r  v a lu e  o f  AH f o r  eq 1 ,
s u p p o r t  f o r  F l o r y ' s  mechanism. However, c l o s e r  e x a m in a t io n  o f  
F l o r y ' s  mechanism in v o lv i n g  d i r a d i c a l  p r o p a g a t io n ,  c h a in  t r a n s f e r ,  
and t e r m in a t i o n  s u g g e s t  t h a t  i t  i s  n o t  s a t i s f a c t o r y .  Scheme 1 
c o n ta i n s  a l l  th e  r e a c t i o n s  o f  a f r e e  r a d i c a l  p o ly m e r iz a t io n  which 
i s  i n i t i a t e d  by a d i r a d i c a l  formed from  " t a i l - t o - t a i l "  s t y r e n e  
d i m e r i z a t i o n .  Only t e r m in a t i o n  by c o m b in a t io n  i s  in c lu d e d  i n  the  
t e r m in a t i o n  s t e p s  s in c e  i t  has  been  shown t h a t  t e r m in a t i o n  by 
d i s p r o p o r t i o n a t i o n  i s  u n im p o r ta n t  i n  th e  f r e e  r a d i c a l  p o ly m e r iz a t io n  
o f  s t y r e n e . 12
E x am in a tio n  o f  Scheme 1 r e v e a l s  f i r s t l y ,  t h a t  even i f  th e  
ends o f  th e  d i r a d i c a l  a c t  in d e p e n d e n t ly  o f  each  o t h e r ,  c h a in  
t r a n s f e r  w i th  monomer jy  th e  d i r a d i c a l  does n o t  le a d  t o  polymer 
and a m o n o rad ica l  as  F lo ry  p roposed  b u t  i n s t e a d  to  two m o n o ra d ica ls
and th e  c o r r e l a t i o n  be tw een  monomer o r d e r  and , a l l  p ro v id e d
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Scheme 1
The D irad . le a l  Mechanism o f  the  Thermal P o ly m e r iz a t io n  o f  S ty re n e
I n i t i a t i o n
2M
P r o p a g a t io n
•R- + M
R- + M
C hain  T r a n s f e r














R- +  S




( A k )
■C> Polymer +  R* (A5)
(A6) 
(A7)
R* + R- - > Polymer
2kt
•R* + R-
L - > R-
kk t
•R- + *R*
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(compare eq and eq 3)* S e c o n d ly ,  b im o le c u la r  t e r m in a t i o n  by a 
d i r a d i c a l  (eq  A8 ) does  n o t  le a d  to  polym er as F lo r y  p roposed  b u t  
t o  a n o th e r  d i r a d i c a l .  Even c r o s s  t e r m in a t i o n  be tw een  a d i r a d i c a l  
and a inono rad ica l  (eq  AT) g iv e s  o n ly  a n o th e r  m o n o ra d ica l  and no 
p o ly m e r .
The f r e e  r a d i c a l  p o ly m e r iz a t io n  k i n e t i c s  f o r  Scheme 1 a l s o  
s u g g e s t  t h a t  F l o r y ' s  mechanism i s  u n s u i t a b l e .  Under th e  s te a d y  
s t a t e  a ssu m p tio n  (R^ -  Rfc)> th e  fo l lo w in g  e q u a t io n  i s  o b t a in e d .
k ±[M]s  = k t [R* ]s  + 2kfc[R- ] [ -R- ] +  l f k ^ - R - 1 2 (16 )
For th e  mechanism i n  Scheme I ,  i s  g iv e n  a s :
Rpth  = k p ( [R• ] + 2 [ • R • 1 ) [M] ( 1 7 )
The e x p r e s s io n  ( [ R*1 +  2 [ *R• 1) c a n n o t  be r e p l a c e d  i n  eq 17 as  eq
16 c a n n o t  be f a c t o r e d  and i s  no lo n g e r  second o r d e r  i n  monomer
as  e x p re s s e d  e a r l i e r  ( s e e  eq 12) b u t  i s  i n d e t e r m i n a t e .  F u r th e rm o re ,  
th e  s im p le  e x p r e s s io n  Mayo d ev e lo p ed  t o  e x p l a i n  th e  s o l u t i o n  
m o le c u la r  w e ig h t  dependence  o f  th e rm a l  polymer (eq  15) f o r  F l o r y ' s  
mechanism c a n n o t  be d e v e lo p e d  f o r  th e  mechanism o f  Scheme 1 because  
t h e r e  i s  no means o f  d i v i d i n g  o u t  ( [R*] + 2 [ * R* ] ) .
k . - [ S H ] [ M * ]  + k  [M][M«] + k  [M-]2
I / 5 “ ( 1 « \
I I  n  kp ([M-]  +  21 -M-] ) [ M]  t 1 0 '
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The mechanism i n  Scheme 1 can le a d  to  h ig h  polymer and to  th e  
s im p le  e x p r e s s io n s  f o r  (<!C1 12) and 1 /Pn ( e 9 1 5 ) i f  c h a in
t r a n s f e r  to  monomer ( o r  to  some o t h e r  compound) o c c u rs  so  r a p i d l y  
t h a t  a l l  d i r a d i c a l s  a r e  c o n v e r te d  to  m o n o ra d ic a ls  (eq  A9). When 
such  a c h a in  t r a n s f e r  s t e p  o c c u r s ,  a l l  term s o f  eqs  16, 1J ,  and 18 
in v o lv in g  [ • R , l a r e  d e l e t e d  and eqs 16, 17> and 18 r e v e r t  t o  
eqs 11 , 12 and 1 5 . I f  such  a t r a n s f e r  o c c u r s ,  th e n  th e  a d d i t i o n  o f  
m e rc a p ta n s ,  which a r e  known t o  have  ve ry  l a r g e  c h a in  t r a n s f e r  
c o n s t a n t s  i n  c om par ison  to  norm al h y d ro ca rb o n s  (104 t im es  g r e a t e r ) ,  
sh o u ld  cau se  an i n c r e a s e  i n  by i n c r e a s i n g  th e  c o n c e n t r a t i o n  o f
m o n o ra d ic a l s .  Mayo, G regg, and Alderman13 d id  n o t  o b s e rv e  an 
in c r e a s e  i n  Rpt ^  when they  d e te rm in e d  th e  c h a in  t r a n s f e r  c o n s t a n t s  
o f  d i f f e r e n t  m e rc a p ta n s -d o d e c y l  m ercap tan  (C pa 19)» t e r t  -  b u ty l  
m ercap tan  (C pa k ) , 5- e th 3 x y p r o p a n e th io l  (C «  21) and e th y l  
t h i o g l y c o l a t e  (C 5 8 ) .
S t i l l  a n o th e r  o b j e c t i o n  to  F l o r y ' s  mechanism i s  th e  f a c t  
t h a t  s e l f - t e r m i n a t i o n  o f  th e  grow ing d i r a d i c a l  c h a in  by c y c l i z a t i o n  
sh o u ld  o c c u r  r e a d i l y  (eq  1 9 )*
Ph Ph
C?J-CH-CH-CHg\(ch 2- c h ) - ^  ( 19 )
1 1 ti -  1 1 n
Ph Ph Ph Ph
The p r o b a b i l i t y  o f  r i n g  c lo s u r e  i s  g r e a t e s t  f o r  6 -membered r i n g s ,  
s h a r p ly  d e c re a s e s  a f t e r w a r d s  to  a minimum f o r  ^ - 1 0 - 1 1  membered
1 4
r i n g s ,  and i n c r e a s e s  a g a in  f o r  r i n g s  h a v in g  12 o r  more c a rb o n s .
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In  19150 Howard14 r e p o r t e d  t h a t  s t a t i s t i c a l  c a l c u l a t i o n s  (under  
c o n d i t i o n s  which fav o re d  b im o le c u la r  t e r m i n a t i o n s )  showed th e  r a t e  
o f  s e l f - t e r m i n a t i o n  o f  b i r a d i c a l s  by c y c l i z a t i o n  to  be much g r e a t e r  
th a n  th e  r a t e  o f  b im o le c u la r  t e r m i n a t i o n .  H is  r e a s o n a b le  
c o n c lu s io n  was t h a t  d i r a d i c a l s  c o u ld  n o t  l e a d  t o  h ig h  po lym er. 
S h o r t l y  a f t e r  t h i s ,  Zimm and Bragglfj r e a c h e d  a s i m i l a r  c o n c lu s io n  
u s in g  d i f f e r e n t  c r i t e r i a .  Zimm and Bragg found t h a t  s t a t i s t i c a l  
c a l c u l a t i o n s  com paring th e  r a t e  o f  p r o p a g a t io n  to  s e l f - t e r m i n a t i o n  
by c y c l i z a t i o n  i n d i c a t e d  th e  s e l f - t e r m i n a t i o n  r a t e  was g r e a t e r  
th an  th e  p r o p a g a t io n  r a t e  f o r  any d e g re e  o f  p o ly m e r iz a t io n  l e s s  
than  ’j 'X),  s in c e  th e  chance  f o r  a b i r a d i c a l  h a v in g  a c h a in  l e n g th  
o f  '/X) was l e s s  than
To overcome any r e a s o n a b le  d o u b t  t h a t  t h e  s t a t i s t i c a l  
c a l c u l a t i o n s  were wrong, s e v e r a l  s t u d i e s  o f  a c t u a l  d i r a d i c a l  
p ro d u c in g  i n i t i a t o r s  were c a r r i e d  o u t .  R u s s e l l  and T o b o ls k y , 16 
i n v e s t i g a t e d  th e  p h o t o l y s i s  o f  1 , 4 ,5 - o x a d i t h i a c y c l o h e p t a n e  in  
m ethyl m e th a c r y l a t e  (eq  £ 0 ) .  They found t h a t  no p o ly m e r iz a t io n
CH2-CH2-S
Reproduced  with permission of the copyright owner. Further reproduction prohibited without permission.
10
o c c u r re d  and t h a t  UV m easurem ents I n d i c a t e d  th e  d i r a d i c a l  c y c l i z e d  
o r  added one o r  more monomer u n i t s  b e f o r e  c y c l i z i n g .  O v e rb e rg e r  
and L apk in17 s y n th e s i z e d  a t h e r m a l ly  u n s t a b l e  c y c l i c  b i s  azo 
compound - 3 , 12 ,15  >2U - t e t r a p h e n y l - 1 , 2 , 13 , 1 k - t e t r a a z a - 2 , l 2 , l k , 2^-  
c y c l o t e t r a c o s a t e t r a e n e  and s t u d i e d  i t s  r e a c t i o n s  in  s t y r e n e  and 
x y le n e .  Even though th e  azo l in k a g e s  do n o t  decompose
Ph N=N Ph
V  V
(CH2 )8  (CH2 ) q 
CH CH
P i /  ^ = 1/  ^ P h  
3 , 1 2 , 1 5 ,2k  -  TTC
Ph Ph
^ C H CH
(CHa )a  (GH2 ) q 
CH CH
( 2 1 )
P t /  ^ XN=N/ / /  ^ Ph
s im u l t a n e o u s l y ,  th e  p r o d u c t  i s  s t i l l  a d i r a d i c a l .  The d e c o m p o s i t io n  
o f  the  t e t r a e n e  i n  x y le n e  gave th e  20-membered c y c l i c  h y d ro ca rb o n  
formed by r e c o m b in a t io n  o f  th e  two d i r a d i c a l s .  As se en  from T ab le  
1 , O v e rb e rg e r  and L apk in  d id  obse r\ /e  a sm a l l  i n c r e a s e  i n  when
t h e i r  azo compound Was added to  s ty r e n e ,  b u t  i t  was v e ry  i n e f f i c i e n t  
when compared to  th e  l i n e a r  compound a z o b i s - l - p h e n y lp r o p a n e  ( s e e  > 
l a s t  l i n e  o f  T ab le  1 ) .  O v e rb e rg e r  and L a p k in 's  r e s u l t s  can  be 
c r i t i c i z e d  when one c o n s id e r s  t h a t  th e y  d id  n o t  d e te rm in e  th e  
m o le c u la r  w e ig h t  o f  th e  polymer o b ta in e d  when th e  c y c l i c  azo 
compound was used  n o r  w h e th e r  the  polymer was c y c l i c  o r  l i n e a r .
S in c e  th e  azo l in k a g e s  do n o t  b rea k  s im u l ta n e o u s l y ,  i t  i s  r e a s o n a b le  
t o  s u g g e s t  t h a t  th e  f i r s t  d i r a d i c a l  formed adds s e v e r a l  monomer 
u n i t s  and th e n  s e l f - t e r m i n a t e s . Then th e  second azo l in k a g e
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T ab le  l 17
The P o ly m e r iz a t io n  o f  S ty re n e  by th e  2^-Membered 
C y c l i c  Azo C a t a l y s t  5>12,15,2^-TTC







Y ie ld ,
^P th  
$ / h r .
0 .0 6 0 . If 26 .5 1 .8 .068
0 .0 6 5 6 0 .4 2 0 .0 2 .7 .155
0 .0 8 0 .0 8 .0 b . l • 59
O . I 89 8 0 .0 8 .0 6 .2 .78
0 .0 9 8 .2 1 .0 2 .2 2 .2
0 .2 9 7 9 8 .2 1 .0 If. 6 If. 6
A zob is - 1 -p h en y lp ro p an e  C a t a l y s t
0 .7 2 5 9 8 .2 1 .0 5 0 .2 5 0 .2
R eproduced  with permission of the copyright owner. Further reproduction prohibited without permission.
12
decom poses, t h i s  d i r a d i c a l  adds s e v e r a l  monomer u n i t s ,  and th e n  s e l f -  
t e r m i n a t e s .  I f  t h i s  o c c u r s ,  th e  c y c l i c  polymer c o u ld  be o f  a h ig h  
enough m o le c u la r  w e ig h t  to  be i n s o l u b l e  i n  m ethano l  and would be 
c o n s id e r e d  l i n e a r  po lym er when th e  polymer y i e l d  was d e te rm in e d .
The s t u d i e s  o f  d i r a d i c a l  p ro d u c in g  i n i t i a t o r s ,  th e  f r e e  
r a d i c a l  s t e a d y - s t a t e  k i n e t i c s  f o r  F l o r y ' s  mechanism i n  Scheme 1 , 
and th e  t h e o r e t i c a l  c a l c u l a t i o n s  o f  d i r a d i c a l  r e a c t i o n s ,  a l l  
s t r o n g l y  s u g g e s t  t h a t  a d i r a d i c a l  mechanism c a n n o t  p roduce  a l l  o f  
th e  h ig h  polymer i n  a th e rm a l  p o ly m e r iz a t io n  o f  s t y r e n e  and t h a t  
some o t h e r  mechanism must be c o n s id e r e d .  However, one c a n  n o t  
r e j e c t  c o m p le te ly  t h e  p o s s i b i l i t y  t h a t  some h ig h  polym er i s  b e in g  
formed by a d i r a d i c a l  i n i t i a t i o n  s t e p .
In  1953, Mayo18  p u b l i s h e d  h i s  s tu d y  o f  th e  th e rm a l  p o ly ­
m e r i z a t io n  o f  s ty r e n e  i n  bromobenzene over  th e  monomer c o n c e n t r a t i o n  
ra n g e  1.6M to  O.O5M. He r e p o r t e d  t h a t  Rp,.^ was 5 /2  o r d e r  in  
monomer in  c o n t r a s t  t o  e a r l i e r  r e p o r t s  t h a t  was 2nd o r d e r  in
monomer. Then a c c o r d in g  t o  f r e e  r a d i c a l  s t e a d y - s t a t e  k i n e t i c s ,  th e  
i n i t i a t i o n  s t e p  i s  n o t  b im o le c u la r  b u t  t e r m o le c u la r  as  shown in  
eqs 22 and 2 3 *
and s o lv i n g  f o r  R , ^  g iv e s
Ri t h  = 2k i tM l3
R eproduced  with permission of the copyright owner. Further reproduction prohibited without permission.
13
where I s  th e  t e r m o le c u la r  i n i t i a t i o n  r a t e  c o n s t a n t .  Subsequen t 
s t u d i e s  have su p p o r te d  Mayo's p ro p o s a l  o f  a t e r m o le c u la r  i n i t i a t i o n  
and in  1 9 5 9 ,19 Mayo s u g g e s te d  th e  D ie l s  A lder  mechanism. In  the  
f i r s t  c h a p t e r ,  we w i l l  d i s c u s s  some o f  th e  e a r l y  s t u d i e s  o f  th e  
th e rm a l  p o ly m e r iz a t io n  o f  s t y r e n e  which le a d  to  t h i s  mechanism.
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CHAPTER 1
THE DIELS ALDER MECHANISM: EARLY HISTORY
By 1953, m ost c h e m is t s  who had  s t u d i e d  th e  th e rm a l  
p o ly m e r iz a t io n  o f  s t y r e n e  c o n s id e r e d  t h a t  th e rm a l  i n i t i a t i o n  was a 
b im o le c u la r  r e a c t i o n  w hich  gave two m o n o ra d ic a l s .  I t  was f e l t  t h a t  
a d i r a d l c a l  mechanism c o u ld  n o t  le a d  t o  h ig h  p o ly m e rs ,  b u t  i t  was 
c o n s id e r e d  t h a t  some o f  th e  m o n o ra d ica l  p o ly m e r iz a t io n  was i n i t i a t e d  
by d i r a d i c a l s .  I n  1955* Mayo1 r e p o r t e d  on h i s  s tu d y  o f  th e  s o l u t i o n  
th e rm a l  p o l y m e r iz a t i o n  o f  s t y r e n e  i n  bromobenzene a t  m o l a r i t i e s  much 
low er th an  had been  p r e v i o u s ly  s t u d i e d .  When Mayo began t h i s  s tu d y ,  
he had  s e t  o u t  t o  r e f u t e  B r e i t e n b a c h ' s a  e a r l i e r  o b s e r v a t io n  t h a t  no 
c h l o r i n e  was i n c o r p o r a t e d  i n t o  p o l y s t y r e n e  which had been  th e r m a l ly  
p o ly m e r iz e d  i n  c h lo r o b e n z e n e .  T h is  o b s e r v a t io n  was c o n t r a r y  to  
numerous s t u d i e s  co n d u c ted  by Mayo on v a r io u s  c h l o r i n a t e d  and 
b ro m in a te d  h y d r o c a r b o n s ,  s in c e  c h l o r i n e  and bromine w ere found in  
th e  c o r r e c t  amounts a c c o r d in g  to  M ayo's c h a in  t r a n s f e r  e q u a t io n .
1 /Pn  B °S [M] + CM + k2[Ml2
Mayo used  v e ry  low monomer m o l a r i t i e s  i n  o r d e r  t o  o b t a i n  low 
m o le c u la r  w e ig h t  polym er which would e n a b le  him to  d e te rm in e  more 
a c c u r a t e l y  th e  brom ine c o n te n t  o f  th e  po lym er. To h i s  amazement, 
Mayo found some r a t h e r  s t r a n g e  r e s u l t s .  In  ag reem en t  w i th
16
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B r c i t u n b n c h 's  d a t a , ^  Mayo d i s c o v e r e d  t h a t  p r a c t i c a l l y  no bromine 
was in c o r p o r a t e d  i n t o  th e  polym er and t h a t  f o r  a ro m a t ic  h yd rocarbons  
a mechanism f o r  c h a in  t r a n s f e r  d i f f e r e n t  from th e  o r d in a r y  
a b s t r a c t i o n  mechanism was o c c u r r in g .  However, and most im p o r ta n t  
o f  a l l ,  Mayo found t h a t  o v e r  th e  monomer m o la r i t y  1 .6  to  0 .0 5  Rpt jj 
was 5 /2  o r d e r  i n  monomer and n o t  2nd as had been  r e p o r t e d  p r e v io u s ly  
f o r  h i g h e r  m o l a r i t i e s . 3 A cco rd ing  to  f r e e  r a d i c a l  p o ly m e r iz a t io n  
s te a d y  s t a t e  k i n e t i c s , 4 " 7 th e  e q u a t io n  f o r  the  r a t e  o f  th e rm a l  
p o ly m e r iz a t io n  i s  a3 f o l l o w s :
0.5
k ( R . ) [ M 1  
^ t h  = (2 k ^ )o - ' j  *'1-2
Then e x p r e s s io n  f o r  R p ^  when i t  i s  5 /2  o r d e r  i n  monomer i s  w r i t t e n
a s :
. 0.5  2,5
„ .  A , a t i t h ) tM]
’‘pth T k > - S ^t
S o lv in g  f o r  Rifch by e q u a t in g  eq 1-2  to  eq 1-3 g iv e s  eq 1-k :
Ri Ch ■ 2k i t h i Mi 3
where . i s  the  t e r m o le c u la r  th e rm a l  i n i t i a t i o n  r a t e  c o n s t a n t ,  
i t h
Using eqs 1-3  and 1-k and v a lu e s  f o r  R p ^ j  kp j an^ [M] f o r  pu re  
s ty r e n e  a t  d i f f e r e n t  t e m p e r a tu r e s ,  Mayo was a b le  to  d e te rm in e  k ^ ^
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and s u b s e q u e n t ly  the  te m p e ra tu re  c o e f f i c i e n t s ,  th e  A r rh e n iu s  param­
e t e r  (A ) ,  and th e  ene rgy  o f  a c t i v a t i o n  f o r  th e rm al  i n i t i a t i o n  ( E j ^ ) :
k i t h  = 1 ,5 2  X 106 e x p (-2 8 ,9 0 0 /R T )  ( 1 - 5 )
where A e q u a ls  1 . J 2  x 10a -^ - /m ole^ /sec  and E ^ ^  e q u a ls  2 8 .9  k c a l .
In  a d d i t i o n ,  Mayo a l s o  r e p o r t e d  the  i s o l a t i o n  o f  some u n i d e n t i f i e d  
s a t u r a t e d  and u n s a tu r a t e d  d im ers  and t r i m e r s  from th e r m a l ly  
po lym er ized  s t y r e n e .  The amount o f  th e s e  o l ig o m ers  v a r i e d  fro i 
1 . 56$ o f  th e  t o t a l  polymer in  n e a t  s t y r e n e  to  as  h ig h  as  2b<fc o f  the  
t o t a l  polymer a t  0 .1  and O.O5M. Mayo s p e c u l a te d  t h a t  th e  s a t u r a t e d  
dim ers were c i s -  and t r a n s - 1 , 2- d ip h e n y lc y c lo b u ta n e s  b u t  made no 
s u g g e s t io n s  f o r  the  s t r u c t u r e s  o f  th e  r e m a in in g  o l ig o m e rs .
The i s o l a t i o n  o f  t h e  d im ers  and t r i m e r s  d id  n o t  e n a b le  Mayo 
to  s u g g e s t  a new mechanism a t  t h i s  t im e .  These f i n d i n g s  d id  a l lo w  
Mayo to  d i s r e g a r d  an e a r l i e r  s u g g e s t io n  by Zimm and B ragg8 t h a t  
in  the  th e rm al  p o ly m e r iz a t io n  o f  n e a t  s t y r e n e ,  d i r a d i c a l s  c o u ld  
t r a n s f e r  to  monomer to  p roduce  m o n o ra d ic a ls  and u l t i m a t e l y  l e a d  to  
a l l  o f  th e  h ig h  polym er. Mayo a rgued  t h a t  th e  number o f  moles 
o f  i s o l a t e d  low polym ers a t  60°C (7 x 10- 5 ) c o rre s p o n d s  to  the  
number o f  moles o f  d i r a d i c a l s  g e n e r a te d .  Then asuming t e n  p ro p ­
a g a t i o n  s t e p s  o ccu r  f o r  each d i r a d i c a l  b e f o r e  c y c l i z a t i o n ,  each  
d i r a d i c a l  has  on ly  t e n  t im es  CM (6 x 10“ s ) o r  one chance  in  
6 X 10-1* to  be  c o n v e r te d  to  m o n o ra d ic a ls  by t r a n s f e r  w i th  monomer. 
Thus t h e  y i e l d  o f  m o n o ra d ica ls  would e q u a l  4 .2  x 10-8  m oles 
(6 x lO-1* t im es  7 x 10- 5 ) .  T h is  i s  a p p ro x im a te ly  100 t im es  l e s s  
than  th e  number o f  moles o f  h ig h  polymer formed
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a t  60°C which e q u a ls  2.5*1 x 1O~0 . Hence , Mayo con c lu d ed  t h a t  
th e  d i r a d i c a l s  which must undergo  c h a in  t r a n s f e r  to  monomer to  
form p o ly s ty r e n e  m o n o ra d ica ls  a r e  an in a d e q u a te  so u rc e  f o r  a l l  o f  
th e  m o n o ra d ic a l s .  However, th e  o r i g i n  o f  some m o n o ra d ic a ls  in  
t h i s  manner c a n n o t  be e n t i r e l y  e x c lu d e d .
Mayo was a l s o  a b le  to  show t h a t  d i r a d i c a l s  have to o  s h o r t  a
l i f e t i m e  in  d i l u t e  s o l u t i o n s  to  c o n t r i b u t e  t o  th e  f o rm a t io n  o f  a l l
o f  th e  h ig h  po lym er. Mayo n o ted  t h a t  in  0.1M s ty r e n e  in
bromobenzene a t  155°C th e  t e r m o le c u la r  r a t e  o f  i n i t i a t i o n  (R^j.^)
f o r  m o n o ra d ica ls  l e a d in g  to  h ig h  m o le c u la r  w e ig h t  polym er i s
k . 6  x 10"12 m o l e / ^ / s e c  and th e  r a t e  o f  i n i t i a t i o n  f o r  the
o l ig o m e rs  (R£Q) i s  5 x 10" 9 m ole/j& /sec. Mayo now argued  t h a t  i f
R. i s  th e  r a t e  o f  fo rm a t io n  o f  d i r a d i c a l s  and t h a t  i f  each  io
d i r a d i c a l  r e a c t s  by th e  norm al r a t i o  o f  t r a n s f e r  to  p r o p a g a t io n  
(CM) ,  th en  f o r  one p r o p a g a t io n  s t e p  o f  e i t h e r  end o f  th e  d i r a d i c a l ,  
th e  f r a c t i o n  t r a n s f e r r i n g  w i th  monomer would be th e  v a lu e  o f  
( 1+ x 10"4 ) and th e  f r a c t i o n  t r a n s f e r r i n g  w i th  bromobenzene a t  a 
bromobenzene s ty r e n e  r a t i o  o f  91 would be 91 x Cg (5  x 10“4 ) o r  
e q u a l  to  275 x 10- 4 . The r a t e  o f  fo rm a t io n  o f  m o n o ra d ic a ls  would 
th e n  be e q u a l  to  the  r a t e  o f  fo rm a t io n  o f  d i r a d i c a l s  (5  x 10~9 ) ,  
t im es  th e  f r a c t i o n  of d i r a d i c a l s  t r a n s f e r r i n g  ( 2 .7 7  * 10“ 2 )> t im es  
2 o r  w 2 x 10- 1 ° .  As Mayo p o i n t s  o u t ,  t h i s  number i s  so  l a r g e  
compared w i th  th e  r a t e  o f  th e  d i r e c t  t h i r d  o r d e r  i n i t i a t i o n  by 
m o n o ra d ic a ls  w hich i s  e q u a l  to  4 .6  x 10- 1 2 , t h a t  i f  any d i r a d i c a l s  
a r e  form ed, few er th an  ab o u t  1% l a s t  long  enough to  grow even one 
s t e p .  A c tu a l ly  Mayo's c a l c u l a t e d  r a t e  o f  d i r a d i c a l  p r o d u c t io n  
cou ld  r a t i o n a l i z e  even more r a p id  r a t e s  o f  th e rm a l  p o ly m e r iz a t io n  
th a n  i s  o b s e rv e d .
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M ayo's o b s e r v a t io n  t h a t  R p ^  was 5 /2  o r d e r  i n  monomer, which 
im p l ie s  a t e r m o le c u la r  i n i t i a t i o n  s t e p  a c c o r d in g  to  f r e e  r a d i c a l  
k i n e t i c s ,  and h i s  c a l c u l a t i o n s  o f  th e  e n e rg y  o f  a c t i v a t i o n  f o r  a 
t e r m o le c u la r  th e rm a l  i n i t i a t i o n  s t e p  = 2 8 .9  k c a l )  l e d  him
to  s u g g e s t  th e  fo l lo w in g  i n i t i a t i o n  s t e p :
k H
3CHa =CH — c h 3-c h -  +  CH3-C=C-CH (1 -6 )
• I t I
Ph Ph Ph Ph
T his  mechanism i s  th e rm o d y n am ic a l ly  a c c e p t a b l e  s in c e  th e  Ah i s  
c a l c u l a t e d  to  be a p p ro x im a te ly  10-20 k c a l ,  w hich  i s  l e s s  th an  
This  mechanism a l s o  in v o lv e s  th e  b r e a k in g  o f  th e  same number o f  
doub le  bonds and th e  fo rm ing  o f  th e  same number o f  s i n g l e  bonds as 
i n  F l o r y ' s  t a i l - t o - t a l l  s t y r e n e  d i m e r i z a t i o n  (eq  1 in  th e  i n t r o ­
d u c t i o n ) .  In  a d d i t i o n ,  t h i s  s t e p  p roduces  two re so n a n c e  s t a b i l i z e d  
m o n o ra d ic a l s .
However, Mayo d id  n o t  o f f e r  an e x p la n a t i o n  as to  why R p ^  
i s  second o r d e r  in  monomer a t  m o l a r i t i e s  g r e a t e r  than  1 m olar 
and 5 /2  o r d e r  a t  m o l a r i t i e s  l e s s  th a n  1 m o la r .  F a i l u r e  to  do so 
le d  B u r n e t t  and Loan to  r e j e c t  M ayo's c o n c lu s io n s  t h a t  the  i n c r e a s e  
in  monomer o r d e r  was due to  a change i n  m o l e c u l a r i t y  o f  th e  
i n i t i a t i o n  s t e p .  I n s t e a d  th e y  c i t e d  t h e i r  s t u d i e s  o f  the  i n i t i a t e d  
p o ly m e r iz a t io n s  o f  m ethyl m e th a c r y l a t e  (MMA), m ethyl a c r y l a t e  (MA) 
and v in y l  a c e t a t e  (VA) in  benzene a t  low monomer c o n c e n t r a t i o n s .
These f in d in g s  i n d i c a t e  t h a t  c r o s s  t e r m in a t i o n  betw een s o l v e n t  
r a d i c a l s  and polymer r a d i c a l s ,  and s e l f  t e r m in a t i o n  o f  s o lv e n t
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r a d i c a l s  w i th  th e m s e lv e s ,  i n c r e a s e  th e  o r d e r  o f  R^ in  monomer. They 
c la im ed  t h a t  s i m i l a r  r e a c t i o n s  in  M ayo's s ty rene -b rom obenzene  sys tem  
c o u ld  be c a u s in g  th e  i n c r e a s e  in  monomer o r d e r  o f  R p ^  a t  monomer 
c o n c e n t r a t i o n s  l e s s  th a n  1 m o la r .
A ccord ing  to  B u r n e t t  and Loan, th e  mechanism f o r  th e  the rm al  
* p o ly m e r iz a t io n  o f  s ty r e n e  i n  bromobenzene w i th  m onorad ica l  i n i t i a t i o n  
which in c lu d e s  a l l  t e r m in a t i o n  s t e p s  would be as shown:
I n i t i a t i o n
P r o p a g a t io n
Chain  T r a n s f e r




R- + M 
R- + SH
R* + R* 
R- +  S- 
S- + S'
i t h ■> R- + R-
IS •> R-
-> R'
k trM ■> Polymer + R'











( 1- 12 )
(1 -1 5 )
(1-1*0
where k., . i s  th e  r a t e  c o n s t a n t  f o r  th e rm al  i n i t i a t i o n ;  k i s  th e  
i t h
r a t e  c o n s t a n t  f o r  i n i t i a t i o n  by s o lv e n t  r a d i c a l s ;  k t g i s  th e  r a t e  
c o n s t a n t  f o r  c r o s s  t e r m in a t i o n  betw een a s o l v e n t  r a d i c a l  and a 
growing p o l y s t y r y l  r a d i c a l  ; and Rfcgg i s  th e  r a t e  c o n s ta n t  f o r  s e l f  
t e r m in a t i o n  betw een two s o lv e n t  r a d i c a l s .  A l l  o t h e r  r a t e  c o n s t a n t s
R eproduced  with permission of the copyright owner. Further reproduction prohibited without permission.
22
and symbols have  t h e i r  u s u a l  m eaning . A c c o rd in g  to  f r e e  r a d i c a l  
s te a d y  ( s ta te  k i n e t i c s  t h e i r  mechanism l e a d s  to  th e  f o l lo w in g  
e q u a t io n :
» 2^ ] "  “  2k t [R ']  + 2 k t s [R-l[ S • ] + 2k t s g [ S . ] 2 (1 -1 5 )
S i m i l a r l y  u n d e r  c o n d i t i o n s  o f  long  c h a in  r e a c t i o n s  th e  r a t e  o f  
fo rm a t io n  o f  s o l v e n t  r a d i c a l s  e q u a ls  t h e i r  r a t e  o f  d i s a p p e a r a n c e :
k t r S [R*l t SH) "  k i s [S * l[M l ( 1- 1C )
Thus ^ P th  Can ®^ven  as
V ^ i t h
k ,mi + k -££SISH]+ k  | l £ £ S ) ; 
- t ' 1 t s k is  + k t SS\ k  J
SH12 o #s (1 -1 7 )
Assuming k fcrg «  k ^ , B u r n e t t  and Loan p o i n t  o u t  t h a t  Rpj.^ i s
i
p r o p o r t i o n a l  to  a t  monomer c o n c e n t r a t i o n s  and to
[ Ml 2R ^ ( .^  a t  l ° w monomer c o n c e n t r a t i o n s .  T h e r e f o r e ,  i f  a 
b im o le c u la r  i n i t i a t i o n  s t e p  i s  o c c u r r i n g ,  th e  th e rm a l  r a t e  o f  
p o ly m e r iz a t io n  becomes 2nd o r d e r  i n  monomer a t  h ig h  c o n c e n t r a t i o n s  
and 3rd  o r d e r  in  monomer a t  low c o n c e n t r a t i o n s  and 3r d o r d e r  i n  
monomer a t  low c o n c e n t r a t i o n s .  S i m i l a r l y ,  i f  a t e r m o le c u la r  
i n i t i a t i o n  s t e p  i s  o c c u r r i n g ,  th e  th e rm a l  r a t e  o f  p o ly m e r iz a t io n  
i s  5 /2  o r d e r  a t  h ig h  monomer c o n c e n t r a t i o n s  and 7 /2  a t  low monomer
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c o n c e n t r a t i o n s .  Thus B u r n e t t  and Loan s u g g e s t  t h a t  a t  r e a l  low 
monomer c o n c e n t r a t i o n s  M ayo's o b se rv ed  5 /2  o r d e r  o f  i n  monomer
c o u ld  be e x p la in e d  by th e  r i s e  i n  m o l e c u l a r i t y  due t o  c r o s s  
t e r m in a t i o n  and s e l f - t e r m i n a t i o n  by s o l v e n t  r a d i c a l s .
However, B u r n e t t  and L o a n 's  o b j e c t i o n  to  Mayo's t r e a tm e n t  
d id  n o t  c o n s id e r  th e  m agn itude  o f  th e  r a t i o  ^ t r S /^£g  i ° r  
s ty re n e -b ro m o b e n z e n e  sy s te m . T h is  r a t i o  i s  n o t  o n e ,  as assumed by
B u r n e t t  and L oan, b u t  as  low as 10" 4 a t  15!)°* At t h i s  t e m p e ra tu re
k tr<? a.
k fcrg i s  a p p ro x im a te ly  10"1 (Ca a — -------  °  3 x 10"4 and k w 10 3 ) ,
r  8 +c p Pand k i s  more l i k e l y  to  be lO^ 1 s in c e  i t  i s  r e a s o n a b le  to  assume 
Xb
t h a t  no r a d i c a l  formed by c h a in  t r a n s f e r  to  bromobenzene w i l l  be
more s t a b l e  th a n  a p o l y s t y r y l  r a d i c a l .  I f  k t r g / k j g  = 10"4 > then
th e  term s f o r  t h e  c r o s s  t e r m in a t i o n  and s e l f  t e r m in a t i o n  by s o lv e n t
r a d i c a l s  i n  eq 1-17  w i l l  be n e g l i g i b l e  i n  com parison  to  th e  term
f o r  t e r m in a t i o n  by p o l y s t y r y l  r a d i c a l s .  T h e r e f o r e ,  Rpt ^ f o r
s ty r e n e  i n  bromobenzene sh o u ld  n o t  change in  monomer o r d e r  a t
lower c o n c e n t r a t i o n s  i f  R . .. i s  e i t h e r  b im o le c u la r  o r  t e r m o le c u la r .i t h
The f a c t  t h a t  Mayo a l s o  r e p o r t e d  no bromine was i n c o r p o r a t e d  i n t o  
th e  polym er even  a t  th e  lo w e s t  monomer c o n c e n t r a t i o n s  enhances  our  
argum ent a g a i n s t  B u r n e t t  and L o a n 's  s u g g e s t io n .
However, o u r  r e f u t a t i o n  o f  B u r n e t t  and L o a n 's  argum ents  may 
be c r i t i c i z e d  s in c e  i t  i s  n o t  based  on e x p e r im e n ta l  r e s u l t s .  The 
a c t u a l  s tu d y  o f  a s o l u t i o n  p o ly m e r iz a t io n  in  w hich  h ig h  concen­
t r a t i o n s  o f  s o l v e n t  r a d i c a l s  a r e  g e n e ra te d  can  p ro v id e  a s u p p o r t  
f o r  o u r  a rgum en t.  H i a t t  and B a r t l e t t 10 d id  g e n e r a te  l a r g e  amounts 
o f  s o lv e n t  r a d i c a l s  when th e y  s tu d i e d  th e  e t h y l  t h i o g l y c o l a t e
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( E T ) - s ty re n e  th e rm a l  s o l u t i o n  p o ly m e r iz a t io n  becau se  ET h as  a very
h ig h  c h a in  t r a n s f e r  c o n s t a n t  (CG ~  5 8 ) .  They a l s o  found t h a t  whenb
ET i s  used  i n  n e a r l y  e q u a l  q u a n t i t i e s  w i th  s t y r e n e ,  i t  g iv e s  o n ly  
th e  e a s i l y  d e te r m in a b le  1 :1  p ro d u c t  e t h y l - R - p h e n y l e t h y l t h i o g l y c o l a t e  
r a t h e r  th a n  po lym er. The mechanism f o r  th e  th e rm a l  p o ly m e r iz a t io n  
o f  ET and s ty r e n e  i s  as f o l lo w s :
I n i t i a t i o n
k i t h
nCH2=CHPH — R- + R- (1 -1 8 )
ki
EtOgCCHgS • + CH2 "  CH — —> E t0 2CCH2SCH2CH* (1 “ 19)
1 "1
Ph Ph
P ro p a g a t io n
k
E t0 2CCH2SCH2CHf+ CHjfCH — ^->  EtOgCCHgSCH2CH-CH2-CH* (1 -2 0 )
1 1  ' i t
Ph Ph Ph Ph
Chain T r a n s f e r
R* + E t0 2CCH2SH — PR- " - >  RH + E t0 2CCH2S* (1 -2 1 )
E t0 2CCH2SCH26H + E t0 2CCH2SH — ^ - >  E t0 2CCH2SCH2CH2 (1 -2 2 )
• 1
Ph Ph
+ E t0 2CCH2S •
T e rm in a t io n
* k t




■CH + E t0 2CCH2S * ------ —> E t0 2C
Ph Ph &l2Et
E t0 2CCH2SCH2-C » CH2SCH2-CH-S-CH2 (1-2*0
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r*5*52Et02CCH2S* — !SS-> (E t0 2CCH2S-)2 (1 -2 5 )
where kpRt r g I s th e  r a t e  c o n s t a n t  f o r  p r im a ry  r a d i c a l  c h a in  t r a n s f e r  
w i th  s o l v e n t  and a l l  o t h e r  r a t e  c o n s t a n t s  have th e  same m eaning as 
d e f in e d  i n  th e  p r e c e d in g  d i s c u s s i o n s .  The p r o p a g a t io n  s t e p  (eq 
1- 2 0 ) and th e  c h a in  t r a n s fe r - to - m o n o m e r  s t e p  may be n e g le c t e d  due 
to  th e  h ig h  c h a in  t r a n s f e r  c o n s t a n t  o f  ET. S in c e  the  k i n e t i c  c h a in s  
f o r  t h i s  sys tem  a r c  lo n g  ( H i a t t  and B a r t l e t t  c a l c u l a t e d  them to  be 
e q u a l  to  6 6 0 ) ,  eq 1-21 may be n e g le c te d  i n  c om par ison  to  eq 1- 2 2 .
In  th e  manner o f  B u r n e t t  and L oan , i n c l u d in g  a l l  t e r m in a t i o n  s t e p s  
and assum ing a s te a d y  s t a t e ,  H i a t t  and B a r t l e t t  found t h a t  th e  
e q u a t io n  f o r  th e  r a t e  o f  d i s a p p e a ra n c e  o f  ET i s  as f o l lo w s :
-d(ET) _ ]t |ET]  ________________ <klth IM| >°- 5_____________  (1-26)
' trsIET1 (kt +  * ts < ^ > < ^ >  +
where M]n r e p r e s e n t s  th e  r a t e  o f
th e rm a l  i n i t i a t i o n  ( R ^ ^ )  unknown monomer o r d e r .  To u.-e eq 1 -2 6 ,  
H i a t t  and B a r t l e t t  f i r s t  had to  d e te rm in e  th e  v a lu e  o f  th e  
d e n o m in a to r .  By u s in g  a m olar e q u i v a l e n t  m ix tu re  o f  s t y r e n e  and 
ET, and 2 x 10“3 M a z o b i s i s o b u t y r o n i t r i l e  (AIBN) to  i n i t i a t e  th e  
c h a in  r e a c t i o n ,  H i a t t  and B a r t l e t t  were a b le  to  d e te rm in e  th e  
fo l lo w in g  r a t i o :
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(1 -2 7 )
As e x p e c t e d ,  H i a t t  and B a r t l e t t  found t h a t  t h i s  r a t i o  i s  a c o n s t a n t  
e q u a l  to  a p p ro x im a te ly  $ . 6  m o le /^ / h r .  ( T a b le  l - l ) .  U sing  t h i s  
r a t i o ,  th e y  were a b le  to  c a l c u l a t e  from a th e r m a l ly  i n i t i a t e d
e q u im o la r  m ix tu re  o f  s t y r e n e  and ET a c c o rd in g  to  eq 28:
They r e p o r t e d  t h a t  th e  v a lu e  o f  c a l c u l a t e d  by t h i s  m ethod,
a g re e s  to  w i t h i n  20$ o f  th e  c a l c u l a t e d  R£t ^> u s in g  th e  v a lu e  o f
^ i t h  aS d e te rm in e d  by Mayo (eq 1 - 5 ) .  T h is  v a lu e  o f  R^j.^ d i s a g r e e s
w i th  th e  v a lu e  o f  R . .. c a l c u l a t e d  f o r  a b im o le c u la r  i n i t i a t i o ni t h
(T ab le  1 - 2 ) .  H i a t t  and B a r t l e t t  a l s o  found t h a t  w i t h i n  e x p e r im e n ta l  
e r r o r ,  ru n s  w i th  i n i t i a l  [ SH1 / [ M 1 r a t i o s  from  0.1+4 to  1 .6 4  and f i n a l  
[S H ]/[M ] r a t i o s  from  0 .0 8  to  2 .4 7  w ere s a t i s f i e d  th ro u g h o u t  t h e i r  
m easured l e n g th  by th e  e x p r e s s io n  ( s e e  T ab le  1 -5 ) •
where A i s  s im p ly  a c o n s t a n t .  T h is  s p re a d  o f  c o n c e n t r a t i o n s  and 
r a t i o s  i s  c o n s id e r e d  w ide enough to  e x c lu d e  any c o r r e l a t i o n  o f  th e
Rith ■ W * 11” " (1-28)
(1 -2 9 )
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T ab le  l - l 10
The R e a c t io n  o f  S ty re n e  w i th  E th y l  T h io g ly c o la t e  a t  80°C 




(m o le /4 )
M
(mole /  ft)
Ra ( - d ( E t / d t )  
( m o le /4 /h r )
R / ( R i th  [ET]) 
(m o l e / 4 / h r )
0 3-7^ i t . 62 1 .75 9 -2
10 J.M - it. 33 1 .5 6 9 . ^
20 3-23 it . 13 1 .3b 9 .0
30 2-99 3 .8 9 1 .2 0 9 . it
ko 2 .7 6 3 .7 6 1 .0 7 9 . it
50 2 .6 6 3 .5 6 0 .9 7 9 .it
6o 2 . b 7 3-39 .89 9 - 8
to 2 . Jit 3 .2 6 .78 9 -6
82 2 .1 5 3 .0 7 .72 9 .9
92 2 .0 it 2 .9 7 .65 10.1
110 1 .8 7 2 .8 0 .56 1 0 .6  
Av. 9.6> + 0 .
a )  i n i t i a l  c o n c e n t r a t i o n  o f  azo compound =■ 2 .0  x 10" 3 M

















T ab le  1 -210
E s t im a t io n  o f  Thermal I n i t i a t i o n  R a te  f o r  th e  R e a c t io n  o f  
S ty re n e  w i t h  E th y l  T h io g ly c o la t e  a t  80°C
Time
( h r )
ET 
( m o l e / f )
M
(m o le /^ )
R
(m o le /A /h r )
R i th  f ° un<l  =
(R /9 .6 [E T ] ) 2 x  107 
( m o le /A /h r )
C a lcd3
Ri t h s  x  1 °7 
( m o l e / ? / h r )
Calcd^ 
R i th a  x  107 
( m o l e / f / h r )
0 3 .7 0 k .66
18 3 .5 0 k . k 6 0 . 02kk 5 -3 7-0 15 .9
k3 3 .0 0 3 .9 6 .0188 k .3 k .9 1 2 .5
67 2 .5 8 3 .5 k •0135 3 .0 3 .6 10 .1
91 2 .3 1 3 -27 .0099 2 .0 - 2 .7 8 .5
139 1 .8 k 2 .8 0 .0071 1 .6 1 .8 f  ^c . y
a )  U sing  M ayo's k
b )  U s ing  Mayo v a lu e  f o r  p u re  s t y r e n e  b u t  assum ing 2nd o r d e r  i n i t i a t i o n .
PO00
T ab le  I - 310 
.a
A verage V alues  o f  -  d (E T )/d t /M “- ET f o r  th e  R e a c t io n  o f  
S ty re n e  w i th  E th y l  T h io g ly c o la t e  a t  1 0 0 .9 °
[ET] / [  M] - 1 0 0 d ( E T ) / d t / ( [ M p  [ E T ])
Run I n i t i a l  F in a l  = 100A
10-A 0 .8 2 0 .6 8 0 .6 0  ±  0 .06
10-B • 77 • 58 .6 8  + .03
11-A • 55 .20 .61 + .07
11-B . 4 i f .0 8 • 59 + .0 7
12-B • 97 .95 .70  + .ok
15 1 .0 8 1 .16 .60  + .03
l i t 1 .05 1 .0 8 .65 + .02
15-A . 1 .00 1 .0 0 .65 + .03
16-A l.6 lt 2 . V 7 .65  + .Olt
Av. 0.61f + O.Olf
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The r e s u l t s  o f  H i a t t  and B a r t l e t t  s u p p o r t  th e  a rgum ents  t h a t  
s o l v e n t  r a d i c a l s  o re  n o t  in v o lv e d  i n  any t e r m i n a t i o n  s t e p .  H i a t t  
and B a r t l e t t  n o te d  t h a t  even  w i th  a s  good a t r a n s f e r  a g e n t  as  ET 
th e  r e a c t i o n  to  d e s t r o y  p o l y s t y r y l  r a d i c a l s  (eq  1 -22 )  i s  much l e s s  
f a v o r a b le  th a n  th e  r e a c t i o n  fo rm ing  them (eq  1-19)*  For exam ple, 
i t  has  been shown t h a t  th e  r a t i o  o f  k ^ g / k ^ g  f o r  n - b u ty l  m ercap tan  
(C_ = 20 in  s t y r e n e )  i s  l e s s  th a n  1/100 and t h e r e f o r e  t h i s  r a t i o  o fJ
k. Q/ k . 0 f o r  ET sh o u ld  be o n ly  s l i g h t l y  l a r g e r .  I n  a d d i t i o n ,  H i a t t  tzirb> I d
and B a r t l e t t  a l s o  n o te d  t h a t  th e  i n s i g n i f i c a n c e  o f  s o lv e n t  r a d i c a l  
t e r m in a t i o n  r e a c t i o n s  f o r  ET i s  due to  th e  r e s o n a n c e  s t a b i l i t y  o f  
th e  p o l y s t y r y l  r a d i c a l  and n o t  to  a d i f f e r e n c e  i n  t e r m in a t i o n  r a t e  
c o n s t a n t s .  H i a t t  and B a r t l e t t ' s  work s u p p o r t  M ayo's s u g g e s t io n  
t h a t  th e  5 /2  monomer o r d e r  f o r  Rpt ^  i s  due to  a t e r m o le c u la r  
i n i t i a t i o n  s t e p .  H i a t t  and B a r t l e t t ,  how ever, d i d  n o t  t r y  to  
e x p la i n  th e  change in  monomer o r d e r  o f  from  5 /2  a t  low monomer
c o n c e n t r a t i o n s  to  2 a t  h i g h e r  monomer c o n c e n t r a t i o n s .
By i 9 6 0 , Mayo12 had  i d e n t i f i e d  a l l  o f  t h e  d im ers  he had  
r e p o r t e d  e a r l i e r  from th e r m a l ly  p o ly m e r iz e d  s t y r e n e  bromobenzene 
m ix tu re s  i n h i b i t e d  by 1 , 3 , 5 " t r i n i t r o b e n z e n e  and p i c r i c  a c i d .  He 
had a l s o  e x te n d e d  h i s  s tu d y  to  s e v e r a l  o t h e r  i n h i b i t o r s  i n  n e a t  
s ty r e n e  and s ty r e n e  bromobenzene m ix tu re s  (T a b le  1 - ^ ) .  He found 
t h a t  a m ajor f r a c t i o n  o f  th e  s a t u r a t e d  d im ers  a r e  1 -p h e n y l t e t r a l i n  
and i t s  d eh y d ro g e n a te d  d e r i v a t i v e s .  These r e s u l t s  and h i s  e a r l i e r  
o b s e r v a t io n  t h a t  R p ^  was 5 /2  o r d e r  i n  monomer l e d  Mayo to  s u g g e s t  
th e  fo l lo w in g  D ie l s  A ld e r  m o n o -ra d ic a l  mechanism f o r  th e  th e rm a l  
p o ly m e r iz a t io n  o f  s ty r e n e  (Scheme l - l ) .  The f i r s t  s t e p  i s  a

















T a b le  1 -4
The Thermal D im e r iz a t io n  and P o ly m e r iz a t io n  o f  I n h i b i t e d  S ty re n e
E x p t .
No. R e ta r d e r
R e a c t io n
Time
Hours
C o n v e rs io n  $ 
Dimer Polymer l ,3 -D B a C l-MPhLd l ,2 -D C B ae l-F h T f l-PhDNS l-PhNh
IPhT 
+  1PMN 
+  lPhN 
1,2-DCBa
I n bromobenzene a t  155“7°
R e f .  1 None 1 .0 0 . 2 1 4 .2
27 2 .0 $  TNBa 24 1 .9 8 .0 1 1 23 23 IS 24 7 5 /2 3
23 2 .0 $  Pi£ 48 3 -4 1 6 .3 1 23
1. £ 26 4 76 /23
13 0 .1 $  I 2 24 7-0 « 0 3 70 by i n f r a r e d
19 0 .5 $  I 2 24 1 4 .5 2 5 .2 34 5 231 ✓ ✓ tj. 39 /10
20 2 .0 $  I 2 5 4 . 4 19 .5 77 9 l O 4 18/1
W ith o u t  s o l v e n t a t  143 -50°
R ef  .1 None (0 .1 8
a t  155° ) 0 .2 13-7
2? 2 .0 $  TNB 15 4 .5 3 7-3 7 38 sy 22 55/3-3
36 2 .0 $  TNB 1 5 .1 1 .7 4 6 .6 12? 61 10 13 4 27 /61
25 2 .0 $  PA 5 3 -6 6 .2 23 30 4 77 /23
39 2 .0 $  PA 1 5 .2 1 .9 1 2 .8 4 i 25 13 t 2 11 71/25
21 0 .1 $  I 2 25 1 1 .0 53-6 4 7 35 4 8 9 /7
24 0 .1 $  I s 25 1 0 .8 53-2 3 9 1 2 88 /9
14 0 .5 $  I 2 25 1 4 .4 43 .5 16 8 50 y 17 7 6 /8
29 2 .0 $  I s 20 1 5 .0 6S .0 74 5 2c 3 16 19/1
31 2 .0 $  I 2 20 11 .0 7 2 .7 78 11 l c 10 10/ 0 .5

















T ab le  l A — (C o n tin u e d )
E x p t .
No. R e ta r d e r
R e a c t io n  _ . , Time C o n v e rs io n  *
Hours Dimer Polymer l ,3 -D B a C l-MPhLd 1,2-DCBa6 l-P h T f  1-PhDN8 1-PhN*1
lPhT 
+  lPhDN 
+  IPhN 
1,2-DCBa
W ith o u t  s o lv e n t  i n s u n l i g h t  ( 30 )  o r  w i t h  m ercury lamp ( 3 2 )
3 0 o . i $  I 2 6 0  a t  0 A 9  O . j k
32— 14-3 °
28 5 b6 16 5 21 A 6
cv|K\ 0 .1 4  i 2 90 a t  O.35  1 .7  
3 3 - 3 8 °
15 bo 22  16 7? I4-5 A 0
a )  1NB-1 , 3 , 5 - t r i n i t r o b e n z e n e .
b )  P A - 2 , - r , 6 - t r i n i t r o p h e n o l .
c ) 2 , J -D ip h e n y lb u ta n e .
d )  1 -M e th y l-3 p h e n y l in d a n e .
e )  1 ,2 -D ip h e n y lc y c lo b u ta n e .
f )  1 - P h e n y l t e t r a l i n e .
g) 1 - P h e n y l- d ih y d r o n a p th a le n e .
h )  1 -P h e n y ln a p th a le n e .
i )  Known to  i n c lu d e  l , 3 “ d i p h e n y l - lb u t e n e  (B u ) ,  o r  c o m p o s i t io n  unknown, 




The D ie l s  A ld e r  Mechanism o f  th e  Thermal P o ly m e r iz a t io n  o f  S ty re n e






rDA -> 2 -=3
= v




P r o p a g a t io n  
R* + M
C hain  T r a n s f e r  
R* + M
R. + AH
T e rm in a t io n  




(A* o r  R - )
(R- )
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r e v e r s i b l e  D ie l s - A ld e r  d i m e r i z a t i o n  (eq  B l )  to  fo rm  l - p h e n y l - l , 2 , 3 » 9  
t e t r a h y d r o n a p h th a l e n e  (AH). I n  a su b se q u e n t  s t e p  AH r e a c t s  w i th  a 
t h i r d  s ty r e n e  m o lecu le  i n  a m o le c u le - in d u c e d  h o m o ly s is 13 (MIH) to  
p roduce  a s t y r y l  and a 1 - p h e n y l t e t r a l y l  r a d i c a l  (eq  B 3) .  These two 
r a d i c a l s  then  i n i t i a t e  p o ly m e r i z a t i o n ,  and p r o p a g a t io n  and tc rm in -  
t i o n  o c c u r  as  in  a normal f r e e  r a d i c a l  p o l y m e r i z a t i o n . 4 -7  The 
d r i v i n g  f o r c e  f o r  th e  MIH s t e p  i s  th e  a r o m a t i z a t i o n  o f  AH to  form 
th e  1- p h e n y l t e t r a l y l  r a d i c a l .
T h is  mechanism a g re e s  w i th  H i a t t  and B a r t l e t t ' s  c o n c lu s io n  
t h a t  i f  th e rm a l  i n i t i a t i o n  i s  a t h i r d - o r d e r  r e a c t i o n  and p ro ce e d s  
a t  a m easu reab le  r a t e  d e s p i t e  th e  s u b s t a n t i a l  a c t i v a t i o n  e n e rg y ,  
th e n  i t  i s  most l i k e l y  due to  th e  e x i s t e n c e  o f  a r e v e r s i b l y  formed 
a s s o c i a t i o n  p ro d u c t  o f  two o f  th e  t h r e e  r e a c t i n g  m o le c u le s .  T h is  
i s  e q u i v a l e n t  to  g r e a t l y  p ro lo n g e d  b in a r y  c o l l i s i o n s  and an 
in c r e a s e d  f req u en cy  o f  t e r n a r y  c o l l i s i o n s  on which r e a c t i o n  depends .
For the  D ie l s  A ld e r  mechanism to  be th e  c o r r e c t  mechanism 
f o r  th e  the rm al  p o ly m e r iz a t io n  o f  s t y r e n e ,  i t  w i l l  have t o  p ro v id e  
an e x p la n a t i o n  f o r  th e  f o l lo w in g  o b s e r v a t i o n s :
1. At low c o n v e r s i o n s ,  th e  th e rm a l  polym er h a s  a h ig h
m o le c u la r  w e ig h t .  As th e  c o n v e rs io n  i n c r e a s e s ,
th e  m o le c u la r  w e ig h t  d e c r e a s e s  to  a p l a t e a u  v a l u e . 14
2 . The c h a in  t r a n s f e r  c o n s t a n t  f o r  s t y r e n e  monomer i s
6 x 10"5 . T h is  v a lu e  o f  C i s  o b v io u s ly  too  h ig h
M
s in c e  i t  i s  13 t im es  h i g h e r  th a n  C f o r  benzene ands
4 tim es h i g h e r  th a n  C f o r  t o lu e n e .
1 b
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2>. Rpth  i s  2nd o r d e r  i n  monomer a t  h ig h  c o n c e n t r a t i o n s  
and i n c r e a s e s  t o  5 /2  o r d e r  a t  c o n c e n t r a t i o n s  l e s s  
th a n  1 m o la r .  Why?
I t  must a l s o  be p o in te d  o u t  t h a t  AH h a s  n e v e r  been  i s o l a t e d  
o r  s y n t h e s i z e d .  W i l l  i t  undergo  an MIH r e a c t i o n  and i n i t i a t e  th e  
p o ly m e r iz a t io n  o f  s t y r e n e  a f t e r  i t  h a s  been  s y n th e s i z e d ?
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CHAPTER 2
SUPPORT FOR THE DIELS ALDER REACTION: THE MECHANISMS
OF OLICOMER FORMATION
The D ie l s  A lder  mechanism (Scheme 1-1) was s u g g e s te d  by 
Mayo i n  o r d e r  t o  e x p l a i n  h i s  o b s e r v a t io n  t h a t  i s  5/<? o r d e r  i n
monomer and t o  e x p l a i n  th e  i s o l a t i o n  o f  s u b s t a n t i a l  amounts o f  
1- p h e n y l t e t r a l i n  (1-PhT) from s o l u t i o n s  o f  h e a te d  s t y r e n e . 1 
I n  1959, H i a t t  and B a r l e t t 2 con firm ed  t h a t  th e rm a l  i n i t i a t i o n  i s  
t e r m o l e c u l a r ,  b u t  t h e r e  h as  been  some c o n fu s io n  in  t h e  l i t e r a t u r e  
o ver  t h e  im p o r ta n c e  o f  1 - p h e n y l t e t r a l i n  i n  e x p la i n in g  t h e  D ie l s  
A ld e r  mechanism. I n  M ayo 's  s t u d i e s 1 o f  t h e  o l ig o m e rs  formed d u r in g  
th e  th e rm a l  p o l y m e r iz a t i o n  o f  i n h i b i t e d  s t y r e n e ,  he r e p o r t e d  t h a t  t h e  
1 -P hT 's  a r e  t h e  m a jo r  o l ig o m e r s .  He assumed t h a t  t h e  1 -P h -T 'a  a r e  
a l s o  t h e  m ajo r  o l ig o m e rs  i n  th e  u n i n h i b i t e d  th e rm a l  p o l y m e r iz a t i o n  o f  
s t y r e n e .  I n  s u p p o r t  o f  M ayo 's  a ssu m p tio n  M u l le r 3 i n  19#+ r e p o r t e d  
i s o l a t i n g  a  70 :15  r a t i o  o f  1-PhT t o  c i s - a n d  t r a n s  1 , 2 - d ip h e n y lc y c lo -  
b u ta n e  from u n i n h i b i t e d  ru n s  o f  s t y r e n e  t h e r m a l ly  p o ly m er ized  a t  
130 °C. By 1968, Mayo4 had b roadened  h i s  e a r l i e r  s tu d y  o f  t h e  d im ers  
formed i n  i n h i b i t e d  th e rm a l  p o ly m e r iz a t io n  and r e i t e r a t e d  h i s  e a r l i e r  
f i n d i n g s  t h a t  1-PhT and i t s  d e h y d ro g e n a te d  d e r i v a t i v e s  formed th e  
l a r g e s t  f r a c t i o n  o f  o lg im e r s  (T a b le  2 - 1 ) .  A d d i t i o n a l l y ,  Mayo found 
benzophenone s e n s i t i z e d  p h o to d lm e r i z a t io n  o f  s t y r e n e  s o l u t i o n s  g iv e s  
a lm o s t  e x c l u s i v e l y  th e  1,2-DCBa's ( s e e  ru n s  hd  and 1)7 in  T ab le  2 - 1 ) .  
S h o r t l y  a f t e r  M ayo 's  r e s u l t s  w ere  p u b l i s h e d ,  Brown ,a compared 
i r r a d i a t e d  and p h o to ly z e d  ru n s  t o  th e rm a l  ru n s  a t  low s t y r e n e  concen-
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TABLE 2 - 14
The Thermal D im e r i z a t io n  and P o ly m e r iz a t io n  o f  I n h i b i t e d  S ty re n e
Expt
no .
R e t a r d e r
or ac a t .
R e a c t io n  
t im e , 
h r
C o n v e r s io n ,^  
Dimer Polymer
Dimer F ra c t io n .  (%)
1 , 3 “ c i s - 1 ,  t r a n s  2 , 4 -  1-M 1- 1 1 : 2 - -  1 , 3 “
DBe 3-DBe 1,3-DBe DBec PhL PhT6 DCBe DBa§ DI#1 1-PhNi
E xper im en ts  w i th o u t  S o lv e n t  a t  143-15C1°
C None (1 5 5 °) 0 .1 8 0 . 2 13 .7
23 2 .0  TNB 15 2 .8 59-1 5 38 7 28 22
36 2 .0  TNB 15 .1 1 .7 k 6 .6 11 9 61 13 L
ATO 2 . 0  PA 5-0 1 .1 2 .5 30 23 k5 -f
2 .0  PA 15-2 1 .9 12.8 4 13 25 k2 11
21 0 .1 0  I 2 25 11 .2 53 .3 ? ? 1? 8k 91 3 3
24 0 .1 0  I 2 25 9 -4 5k. 6 3? 86 6? 3 2
Ik 0 .5 0  I 2 4o 19.0 58 .2 3? 53 51 15 6 18
29 2 .0  I 2 20 13.3 6 9 .2 5 3 2 80 10
31 2 .0  I 2 20 11.0 7 2 .2 10 78 10
liO• ̂ 2 . 0  I 2 20 19-1 3o.7 2 4 , i  k i t
0 . 3 1  S 3 .0 3-8 36-8 2 6 69 9%< 0% 1
40 0 .3 1  S 3.0 J, A. 48.4 ~5 /n^O <̂ 4 5 9 ^ j  k
k k 0 . 3 1  S l o 0.7 1 3 .k 3 12 36 i s r f  3 7 ^ 1
Lq 0 .5 1  s 3 .0 1.2 °5a 1 k  53 20$ 22$
S ty re n e  R e f lu x e d  w i t h  Aqueous H2S04
37 55% if >13 < kj 71 7 22
A1 53* , 4



















E x p o s e d  i n  S e a l e d ,  E v a c u a t e d  P y r e x  T u b e  a t  <*40° t o  S u n l i g h t  ( e x p t  30) o r
M e r c u r y  Lamp
30 0 .1 0  I 2 60 0 .4 9 C .54 10? 16 4 o ? 28
32 . 0 .1 0  I 2 90 < 1 .7 16 10? 30? 32? 28?
46 10 BzPh 2b 1.0 7 .7 1 0 ? 90
b j 10 BzPh 2b 1.0 8 . 2 1 4 ? 86
0 .0 5 2  I 2
30 11.7  AcPh 2b ~ 0 .1 2 .5
1^ .2  wt -3 S ty re n e (0 .3 3 ^  i n Bl--B5, 0 .6 3 ^  i n B l4 )  R ef luxed i n  C sH sBr a t  155'
c None 1 .0 0 .3 16 .4
27 2 .0  TNB 24 1-9 8 . 0 33 23
25 2 .0  PA 48 3-4 16.3 4 6 24
13 0 . 1  I 2 24 7 .0 3 .9 ~10 r-SfQ 7
19 0 .5  I 2 24 14. 5 2 5 -2 5 3 6 22 34
20 2 .0  I 2 r !. ». 1 9 0 4 ?  5 9 1 7 6
42 0 .3 1  S 0 .T5 0 .9 ~ 4 0 , -60 <5 - 5 ~ 1 0
41 0 .3 1  S o . S l 53 .5 M ostly <5 7 7 7
b i -:B5 None . i83 1 .5 ? 0 , - 4 0 ^ * 1 5 ~ 1 0 0 -20





( a )lNB, t r i n i t r o b e n z e n e ;  PA, p i c r i c  a c i d ;  q u a n t i t i e s  i n  wt on s t y r e n e .  (b )  1 ,3 - D ip h e n y l - l - B u te n e ;
( c ) 2 ,4 - D i p h e n y l - l - B u t e n e ;  (d )  l -M e th y l - 3 -  
P h e n y l in d a n ;  ( e) 1 - P h e n y l t e t r a l i n ;  (f ) 1 ,2 -D ip h e n y lc y c lo b u ta n e ;  ( g ) 1 ,3 -D ip h e n y lb u ta n e ;  (h )  l - F h e n y l - 1 ,2 -  
D ih y d ro n a p h th a le n e ;  ( i )  l-pv> env lnaph tha lene ;







t r a t l o n s .  He found t h a t  f o r  d i r e c t  p h o t o l y s i s  t h e  c is -1 ,2 -D C B a 
was fa v o re d  o v e r  th e  t r a n s - 1 , 2-DCBa by a f a c t o r  o f  s i x ,  w hereas  
s e n s i t i z e d  p h o t o l y s i s  g iv e s  a t r a n s / c i s  r a t i o  o f  3.1*. He a l s o  o b s e r ­
ved t h a t  y - i r r a d i a t i o n  g iv e s  a c i s / t r a n s  r a t i o  o f  a p p ro x im a te ly  two 
(T a b le  2 - 2 ) .  Therm al p o l y m e r i z a t i o n ,  a l th o u g h  n o t  d i r e c t l y  com parab le  
t o  t h e  y - i r r a d i a t e d  and p h o to ly z e d  ru n s  b e c a u s e  o f  t e m p e ra tu re
d i f f e r e n c e s ,  g iv e s  a t r a n s / c i s  r a t i o  o f  2 , 2 .  From o t h e r  e x p e r im e n t s ,50 
i t  i s  known t h a t  d i r e c t  p h o t o l y s i s  p ro c e e d s  th ro u g h  c i s - p a i r w i s e  com-
p l e x i n g  o f  an  e x c i t e d  s i n g l e t  d i r a d i c a l ,  w hereas  s e n s i t i z e d  p h o t o l y s i s  
p ro c e e d s  by  way o f  a t r i p l e t  d i r a d i c a l .  The th e rm a l  ru n s  g iv e  th e  
same r a t i o  o f  s t e r e o i s o m e r s  as  s e n s i t i z e d  p h o t o l y s i s  and t h e r e f o r e  
m ust have  a common i n t e r m e d i a t e ,  m ost l i k e l y  t h e  t a i l - t o - t a i l  t r i ­
p l e t  d i r a d i c a l  (*R *). Brown su g g e s te d  t h a t  AH cou ld  be  formed 
from th e  d i r a d i c a l ;  however, b o th  t h e  d i r e c t  and th e  s e n s i t i z e d  
p h o t o l y s i s  g e n e r a t e  h ig h  c o n c e n t r a t i o n s  o f  b o th  s i n g l e t  and t r i p l e t  
d i r a d i c a l s  b u t  p ro d u ce  o n ly  m inor amounts o f  1-PhT.
I n  1969, Brown5** r e p o r t e d  on a  more co m p le te  a n a l y s i s  o f  th e  
d im ers  formed i n  u n i n h i b i t e d  t h e r m a l ly  p o ly m e r iz e d  n e a t  s t y r e n e ;  h i s  
r e s u l t s  c o n f l i c t  w i th  M u l l e r ' s .  Brown found t h a t  1-PhT i s  o n ly  a 
m inor f r a c t i o n ,  w h i le  c i s -  and t ra n s -1 ,2 -D C B a  i n  a 1 :2  r a t i o  formed 
t h e  m ajo r  f r a c t i o n  o f  d im ers  (T a b le  2 - 3 ) .  In  a d d i t i o n ,  Brown a l s o  
r e p o r t e d  th e  s t y r e n e  t r i m e r  f r a c t i o n ,  which h e r e t o f o r e  had been  
ig n o re d ,  c o n s t i t u t e d  t h e  m ajo r  p a r t  o f  th e  t o t a l  o l ig o m e rs .
A ccord ing  to  Brown, t r i m e r s  formed 0 .2 5 ^  o f  t h e  t o t a l  po lym ers  a t  
85 °C a f t e r  31 h o u r s ,  w hereas  d im ers  formed o n ly  0 .0 1 5 ^ .
By 1970, S t e i n ,  Simak, K a i s e r ,  and Kurzee  had i s o l a t e d  and 
i d e n t i f i e d  a l l  t h e  m ajo r  d im ers  and t r i m e r s  formed i n  u n i n h ib i t e d
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TABLE 2-2 '" 'a
S ty re n e  D im e r iz a t io n  Induced  by 6 - I r r a d i a t i o n ,  S e n s i t i z e d
D i r e c t  P h o t o l y s i s ,  and H e a t in g
C o n d i t io n s  2-DCBaa






A. R a d io ly s i s ^
0 .0 4  M s ty r e n e  i n  benzene  3 .1  
0 .2  M, 0 .1 $  t-BC, i n  benzene J .b  
0 . 2  M, 1 atm  N2O, i n  benzene  J .2  














B. S e n s i t i z e d  P h o t o ly s i s
S e n s i t i z e r ®  0 .0 1 - 0 .0 2  M 0 .2 2 0 .7 5 0 .0 3 ------
C. D i r e c t  P h o to ly s i s ^
Benzene 0 .7 9  







No a d d i t i v e  0 .0 9  







( a )  C om posit ion  g iv e n  as mole f r a c t i o n ,  e x c e p t  in  r a d i o l y s i s .
(b )  C o b a l t -6 0  y i r r a d i a t i o n  a t  2 5 ° ;  y i e l d s  as  g v a lu e s  X 100. ( c )  t -  
B u t y l c a t e c h o l . (d )  P h o t o s e n s i t i z e d  (u ran ium  g l a s s  f i l t e r ) ;  0 . 2  M 
s ty r e n e  in  benzene , ( e )  Averaged r e s u l t s  f o r  benzophenone , 
x a n th e n o n e ,  phenyl c y c lo p r o p y l  k e to n e ,  and a n th r a q u in o n e . ( f )  D i r e c t  
p h o to c h e m ic a l ,  0 . 8  M s y t r e n e ,  variouB  s o l v e n t s .  S im i la r  r e s u l t s  
were found in  m e th a n o l ,  d i e t h y l  e t h e r ,  and i so h e x a n e  a t  30°  o r  a t  
- 8 0 ° .  (g )  T herm al, 0 . 2  M s y t r e n e  in  be n z en e ,  1 10° ,  120 h r .
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TABLE 2 -3 sb
P e rc e n ta g e  Composite on o f  Dimers F r a c t i o n s  I s o l a t e d  from 
T h e rm a lly  P o ly m er ized  S ty rene .
P o ly m e r iz a t io n  C o n d i t io n s




31 h r s
180°C f i n a l  
77 h r s  t o t a 1
1-Pheny l t e  t r a  l i n 6 .9 10.9 33-9 2 .5
c i s  - 1 , 2 -D ip h en y lcy c lo b u  tan e 3 1 .1 2 8 .1 2 0 .9 13.7
t r a n s -1 ,2 - D ip h e n y lc y c lo b u ta n e 52 .6 55-9 4 0 .5 6 3 .8
1,3 -D ip h e n y lb u te n e 3 .0 1 .6 0 19.8
1 - F h e n y l - 1 ,2 -d ih y d ro n a p h th a le n e 6 .5 0 4 .6 0 .3
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p o ly m e r iz a t io n s  o f  s t y r e n e .  S t e i n  e t a l . ,  u n f o r t u n a t e l y ,  d id  n o t  
r e p o r t  t h e  r e l a t i v e  y i e l d s  o f  each  d im er and t r i m e r  b u t  d id  r e p o r t  
i s o l a t i n g  if s t e r e o i s o m e r s  o f  th e  s t y r e n e  t r i m e r  l f - p h e n y l - l - [  1' - 
p h e n y l - 1 1- e t h y l l  t e t r a l l n  ( A - S ty ) . They i d e n t i f i e d  t h e s e  A -S ty 1s 
u s in g  room te m p e ra tu re  NMR a s  th e  e q u a t o r i a l - e q u a t o r i a l  ( e e ) ,  a x i a l -  
a x i a l  ( a a ) , e q u a t o r i a l - a x i a l ,  and a x i a l - e q u a t o r i a l  i s o m e rs .  How­
e v e r ,  a d i s c u s s i o n  w i th  Dr. Ken Houk o f  ou r  d e p a r tm e n t  r e s u l t e d  i n  
h i s  p o i n t i n g  o u t  t h a t  NMR a t  room t e m p e ra tu re  can  n o t  r e s o l v e  
e q u a t o r i a l - e q u a t o r i a l  from a x i a l - a x i a l  c o n fo rm a t io n s .  S e p a r a t io n  
r e q u i r e s  v e r y  low te m p e ra tu re ,  and th e  A -S ty 1s l i k e l y  e x i s t  i n  
p r e f e r r e d  c o n f i r m a t i o n s .  S t e i n  e t  a l .  a l s o  f a i l e d  t o  r e a l i z e  t h a t  
t h e  c a rb o n  i n  th e  1' p o s i t i o n  o f  t h e  e t h y l  s id e  c h a in  was a t h i r d  
asym m etric  c a rb o n .  Dr. Houk em phasized t h a t  b a sed  on D re id in g  
m odels , th e  A - S ty 's  a r e  more l i k e l y  racem ic  m ix tu re s  o f  t h e  R and S 
c o n f i g u r a t i o n s  ( s e e  F ig .  2 -1)  o f  t h e  p r e f e r r e d  e q u a t o r i a l - e q u a t o r i a l  
and a x i a l - e q u a t o r i a l  c o n f i r m a t i o n s .  T h is  e x p la in s  why S t e i n  e t  a l . , 
saw o n ly  fo u r  peaks  f o r  t h e s e  A - S t y 's  on th e  gas  ch rom atog raph , 
i n s t e a d  o f  e ig h t  s t e r e o i s o m e r s ,  i f  a l l  c o n f i r m a t io n s  w ere s e p a r a b l e .
S h o r t l y  a f t e r w a r d s ,  K i r c h n e r  and B uchho lz '’r e p o r t e d  a v e ry  
com prehensive  k i n e t i c  and q u a n t i t a t i v e  a n a l y s i s  o f  th e  m ajo r  d im ers  
and t r i m e r s  formed a t  v a ry in g  monomer c o n c e n t r a t i o n s  d u r in g  u n in ­
h i b i t e d  th e rm a l  p o l y m e r i z a t i o n s .  They found t h a t  i n  p u re  s ty r e n e  
a t  137 °C and 10$ c o n v e r s io n ,  d im ers  formed 0 .0 2 3 ^  o f  th e  t o t a l  
po lym er. Of t h e s e  d im e rs ,  26$  was c i s - 1 , 2-DCBa and 53$ was t r a n s -
1 , 2-DCBa i n  agreem ent w i th  B row n 's5^  e a r l i e r  r e s u l t s .  They a l s o  found 
t h a t  th e  r e l a t i v e  r a t i o s  o f  t h e s e  two components a r e  l a r g e l y  i n d e -
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F ig u re  2-1
Four P r e f e r r e d  C o n f ig u r a t io n s  o f  l - P h e n y l - 4 -  1 ' - p h e n y l - 1 *- 
e t h y l  t e t r a l i n  C o n f i rm a t io n s  
A x i a l - E q u a t o r i a l  C o n f i rm a t io n s
ESS C o n f ig u r a t io n
RSR C o n f ig u r a t io n  
Equa to r i a 1 -E q u a  t o r  i a 1 Conf irma t i o n s
SSS C o n f ig u r a t io n
SSR C o n f ig u r a t io n
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penden t  o f  te m p e ra tu re  o r  monomer c o n c e n t r a t i o n .  K ir c h n e r  and 
Buchholz f u r t h e r  r e p o r t e d  t h a t  the  r e a c t i o n  f o r  the  fo rm a t io n  o f  th e
1.2-DCBa's i s  second o r d e r  o v e r  th e  t o t a l  monomer ran g e  measured 
from 7 .7  to  0 . 2  m olar (F ig u re  2 - 2 ) ,  and th e  r a t e  c o n s t a t e  f o r  t h e i r  
fo rm a t io n  a t  137°C i s :
k DCBa = 9 -5 7  + O . ' / j  x l O ^ M ^ s e c " 1 ( 2- 1 )
1,2
They a l s o  d e te rm in ed  th e  a c t i v a t i o n  ene rgy  f o r  the  fo rm a t io n  o f  th e
1 . 2-DCBa1s. in  pu re  s ty r e n e  to  be 25-9 + 0 . If k c a l /m o le  o v e r  the  
te m p e ra tu re  ran g e  from 100°C to  1|52°C.
K irc h n e r  and B uchho lz ,  in  agreem ent w i th  Brown1'*5 a l s o  r e p o r t  
t h a t  w h i le  th e  re m a in in g  d im ers  form a v e ry  sm a l l  f r a c t i o n  of the  
t o t a l  d im ers a t  h ig h  s ty r e n e  c o n c e n t r a t i o n s ,  t h e s e  d im ers  i n c r e a s e  
w i th  d e c r e a s in g  s ty r e n e  c o n c e n t r a t i o n .  The 2 , Ji - d i p h e n y l - l - b u t e n e  
(2 ,^-D B e) i s  o n ly  1$ o f  the  d im er f r a c t i o n  f o r  pu re  s ty r e n e  a t  7-7M> 
b u t  i t  i n c r e a s e s  to  6$, a t  0 .1 8  m olar s ty r e n e  in  b rom obenzene; th e  
1-PhT forms on ly  10$ o f  the  dimer f r a c t i o n  a t  7 . 7  m o la r ,  b u t  i t  
becomes the  c h i e f  c o n s t i t u e n t  a t  0.18M, c o m p r is in g  80$ o f  th e  dim er 
f r a c t i o n  (T ab le  2 -U ).  Again in  agreem ent w i th  Brown, K irc h n e r  and 
Buchholz found t h a t  th e  t o t a l  t r i m e r  forms th e  m ajor f r a c t i o n  o f  the  
o l ig o m e rs .  At 137°C and 10$ c o n v e rs io n  in  n e a t  s t y r e n e  t r i m e r s  a re
0 . 82$ o f  the  t o t a l  po lym er ,  w h i le  under t h e s e  same c o n d i t i o n s  d im ers  
form on ly  0 .0 2 3 $ .  They n o ted  t h a t  2 , k , 6 - t r i p h e n y l - l - h e x e n e  forms 
on ly  3$ o f  th e  t r i m e r  f r a c t i o n  in  n e a t  s t y r e n e  b u t  t h a t  i t  becomes 
the c h i e f  c o n s t i t u e n t  c o m p r is in g  67$ o f  th e  t r i m e r s  a t  0.1+M. In

















F ig u r e  2 -27
Monomer R e a c t io n  O rder f o r  th e  F o rm a t io n  o f  th e  1 ,2 -D ip h e n y lc y c lo b u ta n e s  
D uring  t h e  Thermal P o ly m e r iz a t io n  o f  S ty re n e  I n  Bromobenzene a t  137 C
Run No.
S  1 s t  O rder
t*[M]log [1,2-DCBa]
6,2 2nd O rder
x  3 rd  O rder
[M]
-02
lo g  [M]
*xj
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T ab le  2 -k 7
Monomer C o n c e n t r a t io n  Dependence f o r  th e  Form ation  
o f  1 - P h e n y l t e t r a l i n  and A -S ty  T r im ers  
During th e  Thermal P o ly m e r iz a t io n  o f  S ty re n e
[M]
(m o lc /^ )
t
( in in)
[1 -P h T ]  
(mole/iO* 104
2 . 0 '; 132 1 .6 8 .7
1 .7 5 160 0 .5 5 7 .7 5
1 .30 290 5-2 6 ,k
0 .7 8 4-52 2 .1 2 .7
0 .4 3 1093 3 .0 1 .05
0 .1 7 5 2672 1 .95 ( «  PhT)
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c o n t r a s t ,  th e  k s t e r e o i s o m e r s  o f  l - p h e n y l - l t - [  1 ' - p h e n y l - l  
e th y l ]  t e t r a l i n  form 7*+$ o f  th e  t o t a l  o l igom er  f r a c t i o n  in  pu re  s ty r e n e  
a t  137°C and 10$ c o n v e r s io n ,  b u t  t h i s  amount q u i c k ly  d e c r e a s e s  a t  
low er monomer c o n c e n t r a t i o n s  (T ab le  2 -H ).  Q u i te  u n e x p e c te d ly ,
K i r c h n e r  and Buchholz found t h a t  th e  r e a c t i o n  o r d e r  f o r  th e  fo rm a t io n  
o f  th e  f o u r  s t e r e o i s o m e r i c  A - S t y 's  i s  second o r d e r  a t  c o n c e n t r a t i o n s  
g r e a t e r  th a n  one m olar b u t  t h a t  i t  changes to  t h i r d  o r d e r  a t  low er 
c o n c e n t r a t i o n s  (F ig u re  2 - j ) .  They a l s o  de te rm in e d  th e  a p p a re n t  
a c t i v a t i o n  e n e rg y  f o r  th e  f o rm a t io n  o f  th e  A -S ty  to  be 20 .5  + 0 .1  
k c a l /m o le  ove r  th e  t e m p e ra tu re  range  from 100 to  150°C in  pu re  s t y r e n e .
K i rc h n e r  and Buchholz  a l s o  s tu d i e d  th e  e f f e c t  o f  io d in e  on 
th e  o l ig o m e rs  because  Mayo had p r e v i o u s ly  r e p o r t e d  t h a t  io d in e  
i n c r e a s e s  th e  amount o f  1-PhT w h i le  s u p p r e s s in g  th e  fo rm a t io n  o f  th e  
A - S t y 's  and 1 ,2-D CB a'8 (T ab le  2 - l ) .  They c o n c u r re d  w i th  
Mayo t h a t  io d in e  i n c r e a s e s  th e  amount o f  1-PhT and s u p p re s s e s  th e  
amount o f  A - S t y ' s ;  how ever, they  a l s o  r e p o r t e d  t h a t  the  1,2-DCBa's  
a r e  u n a f f e c t e d .  K irc h n e r  and Buchholz d id  n o t  say  how much io d in e  
th e y  u s e d ,  b u t  a p p a r e n t l y  i t  was l e s s  than  t h a t  used  by Mayo.
K irc h n e r  and Buchholz  a l s o  s tu d i e d  th e  e f f e c t  o f  decomposing 
l a r g e  amounts o f  c i s - 1 ,2 - d ip h e n y lc y c lo b u ta n e  a t  180° in  s ty r e n e  
b e c au se  p r e v io u s  s t u d i e s 8 had shown t h a t  th e  c i s - 1 , 2 -  
d ip h e n y lc y c lo b u ta n e  decomposes to  s ty r e n e  and th e  t r a n s  isom er i n  a 
l*-:l r a t i o .  They o b se rv e d  no i n c r e a s e  i n  u s in g  c is - l ,2 -D C B a
c o n c e n t r a t i o n s  as  h ig h  as  27$ b u t  th e y  d id  o b se rv e  th e  e x p e c te d  
in c r e a s e  i n  t r a n s - 1 , 2-DCBa.

















F ig u r e  2 -3 7
Monomer R e a c t io n  O rder f o r  the  F o rm a t io n  o f  th e  l - F h e n y l - t - [ l ' - p h e n y l - l ' - e t h y l ] T e t r a l i n s  
(A -S ty)  D uring  th e  Thermal P o ly m e r iz a t io n  o f  S ty re n e  a t  137°C i n  Bromobenzene
RUN No.
6.3




lo g  [M]
51
The v a r io u s  s t u d i e s  o f  d im er and t r i m e r  fo rm a t io n  In  I n h i b i t e d  
and u n i n h i b i t e d  s ty r e n e  d u r in g  th e rm a l  p o ly m e r iz a t io n  e n a b le s  us to  
p ropose  th e  mechanisms f o r  th e  fo rm a t io n  o f  a l l  th e  m ajor  o l ig o m ers  
and h ig h  polym er ( s e e  Scheme 2 - 1 ) .
From the  s t a n d p o i n t  o f  th e  D ie1 b A ld e r  mechanism o f  the rm al  
p o ly m e r iz a t io n  o f  s t y r e n e ,  the  most im p o r ta n t  mechanisms a re  the  
fo rm a t io n  o f  1-PhT and th e  fo u r  s t e r e o i s o m e r i c  1 -p h e n y l -k -  [1 ' - p h e n y l -  
1 - e th y O  t e t r a l i n s . In  t h e i r  r e p o r t s  Brown5 and S t e i n ^ t j l . 6 had 
su g g e s te d  A -S ty  and 1-PhT a r e  cage p ro d u c ts  o f  th e  m olecu le  induced  




Phcage e sca p e
High Polymer
Ph
(A -S ty )
The 1 - p h e n y l t e t r a l y l  r a d i c a l  and the  s t y r y l  r a d i c a l  co u ld  c i t h e r  
combine to  form A -Sty  o r  undergo  d i s p r o p o r t l o n a t i o n  to  form 1-PhT 
and s t y r e n e .  Brown and Stei.n  svt _ajL. base  t h e i r  s u g g e s t io n s  on 
e f f i c i e n c y  s t u d i e s  o f  norm al f r e e  r a d i c a l  i n i t i a t o r s  such as a z o b is -  
i s o b u t y r o n i t r i l e  (AIBN). The i n i t i a t o r  f rag m en ts  a rc  known to
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Scheme 2-1
The Mechanlama of Oligomer Formation In the Thermal Polym erization of Styrene 
Cyclic Oligomers
C H - C H g  +  C H ^ - C H  — - — *  ' - C H - C H a - C H a - C H *i • i t
Ph Ph Ph Ph c is  and trans-1,2-DCBa
• R.






Ph 'l  V >   ......... ....
- C H - C H a - C  0






x 2 3 4 5 e
- C H  +  C H a - C H - C H a - C H - C H a - C H a■ 1 1 1
Ph Ph Ph Ph
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undergo  cage  r e a c t i o n s  i n  th e  s h o r t  t im e th ey  rem ain  i n  th e  s o lv e n t  
c a g e .9 In  a v a r i e t y  o f  s o l v e n t s ,  AIBN h as  been found to  be o n ly  a b o u t
CN CN CN CN
n o n - r a d i c a l
p ro d u c ts
• i
CH3-C-N“N-C-CH3 -> ch3- c - n2 t  -c- ch3
I I I •
(2-.=5)ch3 ch3 ch3 ch3
f r e e  r a d i c a l s
60$ e f f i c i e n t  i n  i n i t i a t i n g  p o ly m e r iz a t io n .  There  i s  n o t  too  l a r g e  
a d i f f e r e n c e  betw een th e  a c t i v a t i o n  e ne rgy  o f  2 8 .9  k c a l /m o le  f o r  
th e rm a l  i n i t i a t i o n 10 and th e  a c t i v a t i o n  e n e rg y  o f  2Q£> k c a l /m o le  f o r  
t h e  A -S ty  fo rm a t io n 7 to  a t t r i b u t e  t h i s  d i f f e r e n c e  to  th e  a c t i v a t i o n  
e n e rg y  f o r  d i f f u s i o n  o f  th e  r a d i c a l s  o u t  o f  th e  c a g e .  However, 
i f  t h e  A -S ty  and 1-PhT a re  formed in  th e  c a g e ,  th e n  th e  r a t i o  o f  t h e i r  
y i e l d s  sh o u ld  be in d e p e n d e n t  o f  th e  monomer c o n c e n t r a t i o n s .
T h is  b e h a v io r  i s  n o t  e n c o u n te re d  s in c e  th e  r e l a t i v e  r a t i o  o f  
1 -p h e n y l t e t r a l i n  to  A -S ty  i n c r e a s e s  as th e  monomer c o n c e n t r a t i o n  
d e c r e a s e s .  (T ab le  2 - 4 ) .  A lthough  i t  i s  p o s s i b l e  t h a t  some o f  th e  
t e t r a l i n  o l ig o m ers  a re  formed in  th e  c a g e ,  most o f  them must be 
formed by a d i f f e r e n t  mechanism.
K irc h n e r  and Buchholz  s u g g e s t  t h a t  th e  A - S t y 's  most l i k e l y  
form by an "e n e "  r e a c t i o n  betw een s ty r e n e  and AH (eq  2 - 4 ) .









(Note th e  p o s i t i o n  o f  th e  l a b e l e d  
p r o to n  i n  th e  r e a c t a n t  and th e  
p r o d u c t )
The ene r e a c t i o n  i s  d e f in e d  as th e  i n d i r e c t  s u b s t i t u t i n g  a d d i t i o n  o f  
a compound w i th  a doub le  bond ( e n o p h i l e )  to  an o l e f i n  w i th  an a l l y l i c  
hyd rogen  ( e n e ) . 10 The AH h a s  th e  r e q u i r e d  ene hydrogen  a t  th e  n in e  
p o s i t i o n .  I t  i s  known t h a t  a good d i e n o p h i l e  i s  a l s o  a good e n o p h i l e ,  
and t h e r e f o r e ,  s t y r e n e  co u ld  e a s i l y  s e rv e  as th e  e n o p h i l e .  The 
d r i v i n g  f o r c e  f o r  th e  ene r e a c t i o n  i s  th e  g a in  i n  r e so n a n c e  e n e rg y  
from  th e  a r o m a t i z a t i o n  o f  th e  t e t r a l i n  r i n g .  A no the r  f a c t o r  which 
s u p p o r t s  th e  ene mechanism i s  the  geom etry  o f  AH. D re id in g  models 
i n d i c a t e  t h a t  th e  h y d rogen  i n  th e  9 p o s i t i o n  i s  p a r a l l e l  t o  th e  
p - o r b i t a l s  o f  th e  n e ig h b o r in g  doub le  bond a t  th e  1) p o s i t i o n  o f  th e  
t e t r a l i n  r i n g .  T h is  s t r u c t u r e  i s  th e  f a v o re d  geom etry  f o r  an ene 
r e a c t i o n . 10
There have been  numerous s t u d i e s  o f  D ie l s  A ld e r  r e a c t i o n s  
i n v o lv in g  s u b s t i t u t e d  and u n s u b s t i t u t e d  s ty r e n e s  and v a r io u s  
d i e n o p h i l e s .  These s t u d i e s  i n d i c a t e  t h a t  the  s y n th e s i z e d  AH type  
a d d u c ts  undergo  bo th  th e  ene r e a c t i o n  and th e  MIH r e a c t i o n .  I n  19^2, 
B ru ck n e r12 a llow ed  d im e th o x y - f l -m e th y ls ty re n e  to  r e a c t  w i th  m ale ic  
a n h y d r id e  (MA). He o b ta in e d  a h e te ro p o ly m e r  c o n s i s t i n g  o f  t h r e e  
s t y r e n e  m o lecu le s  and fo u r  a n h y d r id e s  from the  MIH r e a c t i o n  and a 
r e a r r a n g e d  AH ty p e  a d d u c t ,  3 - m e th y l - 6 ,7 -<i i m e t h o x y - l , 2 , 3 , ^ -  
t e t r a h y d r o n a p h t h a l e n e - l  , 2 - d i c a r o x y l i c  a n h y d r id e .  Use o f  i s o s a f r o l e ,
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r e a r ra n g e m e n t
H eteropo lym er
X JMeO (2 -5 )
.. 0
0
3 ,  ̂ t-me thy  len e d io x y -B -m e th y l  s t y r e n e ,  h -m e th o x y -B -m e th y ls ty ren e  and 
s i m i l a r  s u b s t i t u t e d  s ty r e n e s  as the  d ie n e s  and o f  m a le ic  a n h y d r id e  as 
th e  d i e n o p h i l e  l e a d s  to  s i m i l a r  p r o d u c t s . 1 1 >l 2 >13 However, A ld e r  and 
S c h m i tz - J o s te n 14 r e p o r t  t h a t  when s ty r e n e  i s  r e a c t e d  w i th  m ale ic  
a n h y d rid e  in  th e  p re s e n c e  o f  io d in e  o r  p i c r i c  a c i d ,  th e  t r im e r  from 
an ene r e a c t i o n  forms 90 'jt o f  th e  p ro d u c t  and no h e te ro p o ly m e r  i s  
E t
R earrangem ent
( 2- 6 )
(ma)
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In  a d d i t i o n ,  when th e  D ie l s  A ld e r  r e a c t i o n  i s  c a r r i e d  ou t  
u s in g  ve ry  r e a c t i v e  d i a n o p h i l e s  such  a s  benzyne w ith  a s l i g h t  e x c e s s  
o f  s t y r e n e 15 (eq 2 -7)>
s l i g h t  e x c ess
DA (2 -7 )
o r  e t h y l a z o d i c a r b o x y l a t e  w i th  an eq u a l  amount o f  s t y r e n e 10 (eq 2 - 8 ) ,
H
Eto2q I
^  \ jO a Et
E t
oa
+ ! N  ^
2 . ene
. C° 2E t C02Eteq u im o la r
-C02Et (2- 8 )
o n ly  th e  ene p ro d u c t  i s  i s o l a t e d .  One m ight a rg u e  t h a t  s t y r e n e  i s
n o t  a s  r e a c t i v e  an e n o p h i l e  as  th o s e  t h a t  a r e  p r e s e n t  - th e  good 
d i e n o p h i l e s .  But i t  i s  known t h a t  when s t y r e n e  i s  used  in  l a r g e  
e x c e s s  w i th  th e  d i e n o p h i l e s  benzyne (eq 2 - 9 )  and d ic y a n o a c e ty le n e  
(eq  2 - 1 0 ) ,  s ty r e n e  r e a c t s  as  the  e n o p h i l e  in  th e  ene s t e p  g iv in g  an 
a d d u c t  w i th  two s t y r e n e s . 18
cr*o













The ene r e a c t i o n  o f  s t y r e n e  w i th  th e  d i c y a n o a c e t y l e n e - s ty r e n e  
D ie l s  A ld e r  a d d u c t  o c c u rs  a t  room t e m p e r a tu r e ,  i n d i c a t i n g  t h a t  t h i s  
r e a c t i o n  might have  a low a c t i v a t i o n - e n e r g y .  The a u th o r s 17 o f  th e s e  
s t u d i e s  r e p o r t  t h a t  t h e s e  r e a c t i o n s  a re  c a r r i e d  o u t  i n  th e  p re s e n c e  
o f  i n h i b i t o r s  o r  u n d e r  c o n d i t i o n s  which do n o t  f a v o r  p o ly m e r iz a t io n .  
However, t h e i r  method o f  i s o l a t i n g  p ro d u c ts  would have p re v e n te d  the 
i s o l a t i o n  o f  any polym er i f  any was form ed.
There  i s  no d o u b t  t h a t  AH cou ld  undergo  the  ene r e a c t i o n  
w i th  s t y r e n e ,  b u t  t h i s  r e s u l t  c e r t a i n l y  im p l ie s  t h a t  an e n t i r e l y  
d i f f e r e n t  mechanism i s  fo rm ing  1-PhT from AH. A s im p le  i n t e r n a l  
1 hydrogen  s h i f t  c o n v e r t i n g  AH t o  1-PhT i s  fo rb id d e n  by Woodward 
Hoffman s e l e c t i o n  r u l e s . 188 The mechanism c o u ld  in v o lv e  an 
i n t e r m o l e c u l a r  r e a c t i o n  i n v o lv in g  s o lv e n t  and AH. S u p p o r t  f o r  t h i s  
mechanism a r i s e s  from  K irc h n e r  and B u c h h o lz 's  r e s u l t s  which i n d i c a t e  
an  i n c r e a s e  i n  1 - p h e n y l t e t r a l i n  fo rm a t io n  as s o l v e n t  c o n c e n t r a t i o n  
i n c r e a s e s . 7 In  a d d i t i o n ,  5- m e th y le n e - l ,3 - c y c lo h e x a d ie n e  has  been 
s y n t h e s i z e d , 19 and i t  i s  found to  r e a r r a n g e  to  to lu e n e  in  to lu e n e  
(eq  2 - 1 1 ) .  Thus i t  i s  e x p e c te d  AH co u ld  a l s o  undergo  a s i m i l a r
to lu e n e ( 2- 11)
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r e a r r a n g e m e n t  j u s t  as  e a s i l y  i n  the  p r e s e n c e  o f  benzene o r  
bromobenzene.  K. A l d e r 14 h a s  a l s o  p roposed  a s i m i l a r  mechanism to  
e x p l a i n  the  r e a r r a n g e m e n t  o f  t h e  u na rom a t iz ed  dimer  o f  s t y r e n e  and 
m a le ic  a n h y d r id e  to  t h e  a ro m a t i z e d  t e t r a l i n  d e r i v a t i v e  (eq 2 - 6 ) .
The n e x t  mechanism o f  im por tance  i s  t h a t  one i n v o l v i n g  the  
f o r m a t i o n  o f  the  c i s -  and t r a n s - 1 , 2 - D C B a ' s . The most  obvious  
mechanism would be t h e i r  f o r m a t i o n  th rough  a t a i l - t o - t a i l  t r i p l e t  
d i r a d i c a l . 10
Ph Ph
Ph Ph Ph Ph (2- 12)
c i s -  and t r a n s -
1 ,2-DCBa
A c o n c e r t e d  r e a c t i o n  i n v o l v i n g  2 + 2  c y c l o a d d i t i o n  i s  f o r b i d d e n  by 
Woodward Hoffman s e l e c t i o n  r u l e s . ao  S u p p o r t  f o r  the  d i r a d i c a l  
mechanism comes from t h e  s t u d i e s  o f  Brownba and Mayo4 who found t h a t  
i r r a d i a t i o n  o f  p h o t o s e n s i t i z e d  s o l u t i o n s  l ed  to  t h e  f o r m a t i o n  o f  c i s -  
and t rans -1 ,2 -DC Ba i n  a t r a n s : c i s  r a t i o  o f  whereas  t h e  thermal
p o l y m e r i z a t i o n  g iv e s  a t r a n s : c i s  r a t i o  o f  2 . 2 . ba The s u g g e s t i o n  by 
Brown1’ t h a t  t h e  t a i l - t o - t a i l  d i r a d i c a l  cou ld  c y c l i z e  t o  AH i s  n o t  
c o n s i s t e n t  w i t h  K i r c h n e r ' s  s t u d i e s  i n  which c i s - l , 2 - D C B a  i s  decomposed 
i n  s t y r e n e .  K i r c h n e r  d i d  n o t  o b s e rv e  an i n c r e a s e  i n  1-PhT f o rm a t i o n  
or  R p ^ j  he  o n ly  obse rved  an i n c r e a s e  i n  t r a n s -1 ,2 -D C B a .
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The f i n a l  mechanisms to  be d i s c u s s e d  in v o lv e  th e  fo rm a t io n  o f  
th e  s t r a i g h t  c h a in  o l e f i n s ,  2 , 4 , 6 - t r i p h e n y l - 1 - h e x e n e  and th e  2 ,4 -  
d i p h e n y l - l - b u t e n e .  The t r i m e r  2 , 4 , 6 - t r i p h e n y l - 1 - h e x e n e  becomes an 
im p o r ta n t  f r a c t i o n  a t  low monomer c o n c e n t r a t i o n s .  I t s  p re s e n c e  i s  
e a s i l y  e x p la in e d  by th e  i n t r a m o l e c u l a r  r e a c t i o n  known as b a c k b i t i n g . 21 
T h is  i s  th e  r e a c t i o n  i n  which th e  growing polymer r a d i c a l  c h a in  
t r a n s f e r s  i n t r a m o l e c u l a r  w i th  a hydrogen  a t  a p o s i t i o n  in  which a 
6-membered r i n g  can  be formed o n ly  in  th e  t r a n s i t i o n  s t a t e .  For t h i s  
t r i m e r  fo rm a t io n  i n  s y t r e n e ,  th e  r e a c t i o n  f o r  b a c k b i t i n g  would be:
✓ Ph
/  ?  \
'  . * 1 2  3 4 5 R-flcfflRfnn
•CHa-C1 4CH2 -> -CH-CHa-C - CH2-CH-CH2-CH2 ■ > -CH'
/ \ aHa_ 3 CH'/  Ph Ph Ph M, Ph
Ph +
CH2=C-CH2 -CH-CH2-CH2
Ph Ph Ph (2 -15 ;
Mayo s u g g e s t e d  t h a t  2 , 4 - d i p h e n y l - 1 - b u t e n e  can  be formed e i t h e r  by
c h a i n  t r a n s f e r  o f  a growing  s h o r t  c h a i n  r a d i c a l  o r  by dec o m p o s i t i o n  
o f  p r e v i o u s l y  formed s t y r e n e  p o ly m e r .4
I t  i s  shown i n  Scheme 2-1  t h a t  polymer f o r m a t i o n  o c c u rs  by the  
MIH r e a c t i o n  between AH and s t y r e n e  t o  g iv e  a 1 - p h e n y l t e t r a l y l  
r a d i c a l  and a s t y r y l  r a d i c a l .  These r a d i c a l s  t h e n  undergo  the  
r e g u l a r  3 t e p s  i n  a f r e e  r a d i c a l  p o l y m e r i z a t i o n  l e a d i n g  t o  h ig h  
polymer .  What s u p p o r t i n g  e v id e n c e  i s  t h e r e  t o  d e f i n i t e l y  i n d i c a t e  
t h a t  t h i s  r e a c t i o n  oc c u rs ?  H i a t t  and B a r t l e t t 2 on ly  show t h a t  
the rm al  i n i t i a t i o n  i s  t e r m o l e c u l a r . No one has  i s o l a t e d  an AH and
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shown t h a t  i t  can  i n i t i a t e  th e  p o ly m e r iz a t io n  o f  s t y r e n e .  Why n o t  
s u g g e s t  t h a t  the  d i r a d i c a l  ( ' R ' )  r e a c t s  w i th  AH to  form m o n o rad ica ls  
in  th e  i n i t i a t i o n  s t e p  i n s t e a d  o f  an MIH r e a c t i o n ?  We w i l l  d i s c u s s  
t h i s  p roblem  i n  the  fo l lo w in g  c h a p t e r .
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CHAPTER 3
IS IT TRUE WHAT THEY SAY ABOUT AH HANGING AROUND WITH A DIRADICAL?
In  th e  p r e v io u s  c h a p te r s  we have deal t  w i th  th e  argum ents 
a g a i n s t  a t a i l - t o - t a i l  d i r a d i c a l  b e in g  the  s o le  i n i t i a t i n g  s p e c i e s ,  
w i th  Mayo's d a ta  and h i s  p ro p o s a l  of All as th e  i n i t i a t i n g  s p e c i e s ,  
and w i th  th e  mechanisms o f  fo rm a t io n  f o r  th e  v a r io u s  o l ig o m ers  found 
a f t e r  h e a t i n g  s t y r e n e .  I t  i s  r e a s o n a b le ,  a t  t h i s  p o i n t ,  to  ask  
w he the r  t h e r e  i s  o t h e r  e v id e n c e  to  s u p p o r t  th e  D ie l s  A ld e r  mechanism 
and w h e th e r  t h i s  e v id e n c e  e x p la i n s  a l l  th e  unansw ered q u e s t io n s  
ab o u t  the rm al  p o ly m e r iz a t io n  by th e  D ie l s  A ld e r  mechanism. For 
exam ple, s in c e  b o th  d i r a d i c a l s  and AH a re  p ro p o sed  in te r m e d ia t e s  in  
the  fo rm a t io n  o f  th e  o l ig o m e r s ,  cou ld  th ey  r e a c t  w i th  one a n o th e r  to  
form two m o n o ra d ic a l s ? 7 Would t h i s  e x p la i n  why Mayo1 o bse rved  
to  change in  monomer o r d e r  from  2 to  5 /2  a t  m o l a r i t i e s  below 1M? How 
do d i r a d i c a l  i n i t i a t o r s ,  a l th o u g h  ve ry  i n e f f i c i e n t l y ,  c a u se  i n c r e a s e s  
i n  Rpf-h?2 P e n t a f l u o r o s t y r e n e  (PFS)3 and m ethyl m e th a c r y l a t e 4 a re  
known to  undergo  th e rm a l  p o l y m e r iz a t i o n ,  a l th o u g h  th e  e x i s t e n c e  o f  
AH d e r i v a t i v e s  and MIH i n i t i a t i o n  a re  h ig h ly  d o u b t f u l .  I n  a d d i t i o n ,  
the  k i n e t i c  i s o to p e  e f f e c t s 5” 7 f o r  s ty r e n e s  i s o t o p i c a l l y  s u b s t i t u t e d  
in  th e  o r th o  p o s i t i o n s  by d e u te r iu m  can  be e x p la in e d  by e i t h e r  an 
MIH i n i t i a t i o n  s t e p  o r  an  A H -d i r a d ic a l  s t e p .
To p r o p e r ly  s tu d y  a l l  t h e s e  o b s e r v a t io n s  ab o u t  the rm al  
p o l y m e r iz a t i o n ,  i t  i s  n e c e s s a r y  to  w r i t e  th e  mechanism f o r  th e  the rm al  
p o ly m e r iz a t io n  w i th  a l l  th e  s t e p s  f o r  bo th  th e  AH i n i t i a t i o n  and th e
63
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A H -d i r a d ic a l  i n i t i a t i o n .  (Scheme 3 - 1 ) .  To avo id  the  k i n e t i c  
c o m p le x i t i e s  o f  a d i r a d i c a l - m o n o r a d i c a l  mechanism, we assume the  
d i r a d i c a l  does n o t  add to  monomer b u t  can  o n ly  c y c l i a e ,  r e t u r n  to  
monomer, a n d /o r  r e a c t  w i th  AH to  form  m o n o ra d ic a l s .  I f  we use  normal 
f r e e  r a d i c a l  k i n e t i c  t e c h n iq u e s  and a p p ly  th e  s te a d y  s t a t e  a ssu m p tio n  
to  t h i s  m echanism ,8 th e  e x p r e s s io n  f o r  i s  w r i t t e n  a s :
where th e  e x p r e s s io n  f o r  th e  r a t e  o f  th e rm al  i n i t i a t i o n  (R^th^ i s :
wiiciu 4-0 uiiu v-v̂ no t-cj LI u> luj. i<uc icovwi.wu vi. wi.uu ntiDiAH
(S te p  C6 ,  Scheme j5"l)> The AH m o la r i t y  i s  d e f in e d  by s te a d y  s t a t e  
a p p ro x im a t io n  to  be:
where the  r a t e  c o n s t a n t s  have  been d e f in e d  p r e v i o u s l y .  S i m i l a r l y  the  
•R* m o la r i t y  can  be d e f in e d  by s t e a d y  s t a t e  a p p ro x im a t io n  to  be:
(3 -2 )
here k , , . . , ,  i s th e r a t e  c o s a n t  f o r  th e  r e a c t i o n  o f  *R- i th AH
(3 -3 )
[AH] =
( 3 - h )
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Scheme 3-1
The Thermal P o ly m e r iz a t io n  o f  S ty r e n e :  AH and A H -D irad lca l  I n i t i a t i o n




















escap e -> 2R*




> c i s -  and
trans-1 ,2 -D C B arc y c
( C l )
( C 2 )
( C 3 )
R- + A'
( C k )
(cf;)
(c6)
P r o p a g a t io n  
R- + M ( C 7 )
Chain  T r a n s f e r




Polymer + R* 
Polymer + R*
(C8)
( C 9 )
T e rm in a t io n
R- +  R- Polymer (CIO)
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w here  t h e  r a t e  c o n s t a n t s  have  been  d e f in e d  p r e v i o u s l y .  A ccord ing  to  
t h e  e x p r e s s io n s  i n  eqs  3 “ 1> 3 “2, 3-3> and 3 “^> th e  monomer o r d e r  o f  
[AH] and [ *R»] co u ld  r a n g e  from 0 t o  3» r e s u l t i n g  i n  a monomer
I t  i s  a l r e a d y  known from p r e v io u s  s t u d i e s 1' 9 t h a t  Rpj.^ v a r i e s
i n  monomer o r d e r  from 2 a t  m o l a r i t i e s  g r e a t e r  th a n  one t o  3 /2  a t
m o l a r i t i e s  l e s s  th a n  o n e .  These f in d in g s  r e q u i r e  R - j^  to  be 2nd
o r d e r  i n  monomer when R p ^  i s  2nd o r d e r  and 3rd  o r d e r  when R p ^  i s
5 / 2  o r d e r .  Depending on th e  s t e p s  i n  Scheme 3"1 which c o n t r o l  [AH]
o r  [*R*1, b o th  e x p r e s s io n s  cou ld  f i t  t h e  k i n e t i c s  o f  R p ^ *  However,
a s  was r e p o r t e d  i n  C h a p te r  2 , K i r c h n e r  and B u c h h o lz 10 found A-Sty
fo rm a t io n  t o  be  second o r d e r  in  monomer f o r  m o l a r i t i e s  g r e a t e r  th a n  
one
In  a d d i t i o n ,  K irc h n e r  and Buchholz found th e  f o rm a t io n  o f  1 ,2-DCBa's  
to  be 2nd o r d e r  i n  monomer a t  a l l  m o l a r i t i e s  as  shown i n  the  fo l lo w in g  
e q u a t io n .
o r d e r  f o r  R . . .  from 1 t o  U and f o r  R„^. from 1^ t o  3 i t n  P tn
k [AH][M] q i [M]2 ( 3 - 5 )
and t h i r d  o r d e r  i n  monomer f o r  m o l a r i t i e s  l e s s  th an  one .
k [AH ltMl a  tM]on/a ( 3 - 6 )
k
[ . R.] a [M]2
Ra oDCBa's “  kA »*= i
( 3 - 7 )
r c y c
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These f i n d i n g s  imply t h a t  the. monomer o r d e r  f o r  [All] changes from 1 
a t  h ig h  m o l a r i t i e s  to  2 a t  m o l a r i t i e s  l e s s  th an  one and t h a t  the 
monomer o r d e r  f o r  [ *R*] always rem ains  two. As p o in te d  o u t  e a r l i e r  in  
C h a p te r  2 ,  A -S ty  i s  th e  m ajo r  o l igom er a t  h ig h  m o l a r i t i e s  and 1-FhT 
i s  formed i n  o n ly  t r a c e  am ounts ; a t  r e a l  low monomer c o n c e n t r a t i o n s
1-PhT i s  a m ajor  o l ig o m er  and A -S ty  becomes n e g l i g i b l e .  Th is  
o b s e r v a t io n  a g re e s  w i th  th e  r e p o r t  by W iesner  and M ehnert11 t h a t  in  
n e a t  s ty r e n e ,A - S ty  i s  formed 8k t im es  f a s t e r  t h a n  polymer, 15 
t im es  f a s t e r  th a n  1-PhT,and  tw ice  as  f a s t  as  th e  1 ,2 -D C B a 's .  To accom- 
a d a te  th e  change i n  monomer o r d e r  o f  AH r e q u i r e s  t h a t  th e  s te a d y  s t a t e  
e x p r e s s io n  f o r  AH (eq 3“ 5) he changed to  eq J - 8  f o r  m o l a r i t i e s  g r e a t e r  





+ k'rDA r e a r r
[AH] = - £ ----- ^ ---------- <*[Mla  ( > 9 )
S i m i l a r l y  th e  s te a d y  s t a t e  e x p r e s s io n  f o r  [*R* ] (eq  3“ k ) i s  changed to  
r e f l e c t  K irc h n e r  and Buchholz  f i n d i n g s  and i s  now w r i t t e n  as f o l lo w s :
k £ D i ! Ml2  + k r c y c I 1 ’2 ' DC,50' s l  ,  ,
rD i  fcyc
S in c e  t h i s  e x p r e s s io n  f u r t h e r  d e f i n e s  [•R •] t o  be a lw ays 2nd o r d e r  in  
monomer, t h e  e x p r e s s io n  f o r  can  now he s i m p l i f i e d  because  the
te rm  in v o lv in g  i n i t i a t i o n  by an A H -d i r a d ic a l  s t e p  does n o t  f i t  th e
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obse rv ed  k i n e t i c s .  A cco rd ing  to  eqs  J - 8 ,  3 ” 9  and 3 - 10, th e  AH- 
d i r a d i c a l  s t e p  i s  3rd o r d e r  in  monomer when th e  monomer m o la r i t y  i s  
g r e a t e r  th a n  one and k th  o r d e r  when th e  m o la r i t y  i s  l e s s  th a n  one.
S i m p l i f i e d  e x p r e s s io n s  f o r  ^  and R p ^  w r i t t e n  
f o r  m o l a r i t i e s  g r e a t e r  th a n  one as
Ri t h  = 2kMIH[AH 1[M1 a l K ] S  (3" n )
k A
^ t h  (kMIH[AII])0,5,Ml <5- 12)
w here AH i s  1 s t  o r d e r  i n  monomer; f o r  m o l a r i t i e s  l e s s  th a n  one, th e  
e x p r e s s io n s  a r e  w r i t t e n  as
Ri t h  = 2kMIlI TAn l lMl O' fMl3 ( 3 - 1 3 )
Rpth  ̂ (kMm[AH))°-n[M] 3 &[M# ( 3 - i ' 0
where AH i s  2nd o r d e r  i n  monomer. These  e q u a t io n s  s a t i s f a c t o r i l y  
e x p la i n  f o r  th e  1 s t  t im e the  changes  in  monomer o r d e r  o f  R p ^  as the  
m o la r i t y  d e c r e a s e s  below one. I t  i s  obv ious  from th e  k i n e t i c  
e q u a t io n s  t h a t  a d i ra d ic a l -A H  s te p  c o n t r i b u t e s  v e ry  l i t t l e  to  therm al 
p o ly m e r iz a t io n .
I n  a d d i t i o n  to  s t y r e n e ,  a number o f  o t h e r  v in y l  a ro m a t ic s  and 
s u b s t i t u t e d  s ty r e n e s  (T a b le  3“ 0  a r e  known to  undergo  therm al  p o ly m e r i ­
z a t i o n . 2 Do th e  s t u d i e s  o f  th e s e  v i n y l  a ro m a t ic s  p ro v id e  s u p p o r t  f o r
an A H -d i r a d ic a l  s t e p  in  s ty r e n e ?  We w i l l  d i s c u s s  on ly  th e  v in y l
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TABLE ~ ' j - l x s
Monomers In  A d d i t io n  to  S ty re n e  Which 
Undergo Thermal P o ly m e r iz a t io n
1 -V in y ln a p h th a le n e  
o - C h lo ro s ty re n e  
o-B rom ostyrene
2 , 5 - ‘find 2 ,6 - D ic h lo r o s ty r e n e
2 - V in y lp y r id in e  
A cenaph thy lene  
Pen ta  f l u o r o s  t y r e n e  
M ethyl m e th a c r y l a t e  
2 -V in y l th io p h e n e  
2 - V ln y l f u r a n
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a ro m a t ic s  2 - v i n y l f u r a n  (2-VF) and 2 - v in y l th io p h e n e  (2 -V T ) ,1;,k s in c e  
o n ly  th e s e  monomers have been s tu d i e d  e x t e n s i v e l y .  The Ja p an e se  
w o rk e rs 13 who s tu d i e d  2-VF and 2-VT r e p o r t  t h a t  o n ly  h ig h  polymer 
and one d im e r ,  c o n s i s t i n g  o f  e i t h e r  th e  b e n z o fu ra n  o r  the  benzo- 
th io p h e n e  d e r i v a t i v e s  s i m i l a r  to  1-PhT, a r e  formed d u r in g  th e  th e rm al  
p o ly m e r iz a t io n  o f  t h e s e  monomers. At 100°C, n e a t  2-VT forms a lm os t  
e q u a l  amounts o f  polym er and dimer (T a b le  3 - 2 ) . 13^ A so, e t  a l . 13^ 
a l s o  r e p o r t  t h a t  th e  f ° r  2-VT was 5 /2  o rd e r  i n  monomer from
5 .6  to  9*2M a t  60°C. The com ple te  ab sence  o f  any c y c lo b u ta n e s  
s t r o n g l y  s u g g e s t s  no d i r a d l c a l s  a re  formed d u r in g  th e  the rm al  
p o ly m e r iz a t io n  o f  2-VT. The absence  o f  any t r i m e r s  s i m i l a r  to  A -S ty  
i n d i c a t e s  no ene r e a c t i o n  o r  co m b in a t io n  o f  cage r a d i c a l s .  I t  i s  
r e a d i l y  s e e n  t h a t  th e  fo rm a t io n  o f  on ly  th e  d im ers  l i k e  1-PhT s u g g e s t  
t h a t  f o r  s ty r e n e  th e  1-PhT i s  n o t  formed by d i s p r o p o r t i o n a t i o n  o f  
cage  r a d i c a l s .  I t  would be d i f f i c u l t  t o  e x p la i n  why o n ly  d imer i s  
formed in  th e  cage  and t r i m e r  i s  n o t .  These f in d i n g s  s u p p o r t  the  
f o l lo w in g  mechanism f o r  i n i t i a t i o n  o f  2-VT:




TABLE 5 - 2 l 3 b
B enzo th iophene  Dimer and Polymer Y ie ld s  D uring  t h e  Thermal 





P o ly m e r iz a t io n  
P e r lo d ( m i n . )
Dimer Y ie ld  
(gram s)
Polymer Y ie ld  ^C onvers ion  
( g ram s)
1 l . i f 9 i f ^ 5 8 . 7 5
2 1 . 6 i f 7 9 0 12 . i f 0
3 0 . 6 7 5 123 1 2 . 1 4
i f 0 . 8 1 f 8 300 0.078 O . O 95 20.32
5 1 . 1 7 5 6 o o 0.198 0 . 1 7 9 32 .20
6 i f  .860 1500 0.995 1 . 4 5 7 5 0 . 4 7
7 0 . 6 5 3 1800 0 .160 0 . 1 4 6 4 6 . 8 5
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R earrangem ent  ̂
S o lv e n t  
A s s i s t e d
From t h i s  mechanism, the  e x p r e s s io n  f o r  f o r  2-VT would be
g iv en  a s :
( > 1 7 )
" P th  ~ " ( 2 k <Ri t h ) 0 ‘St 2"VT1 0 12-VT]S/2 (5 -1 8 )
w here R . . .  i s  w r i t t e n  as i t h
SlIH k fDA t 2-VTJ 3
R = — ----------  ( y>-10 )i t h  k _ . + k U  LJ)rDA r c a r r
Aso je t  .a l,.13 a l s o  r e p o r t  t h a t  th e  energy  o f  a c t i v a t i o n  f o r  therm al  
i n i t i a t i o n  (E ^ th^  *-s 2 8 .2  k c a l /m o le  f o r  2-VT and 30 k c a l /m o le  f o r
2-VF. These v a lu e s  o f  ( E ^ ^ )  a r e  com parable  t o  the  v a lu e  o f  ( E ^ ^ )  
f o r  s t y r e n e  of 2 8 .9  k c a l /m o le .  Aso b o ld ly  s t a t e s  a l l  v in y l  a ro m a t ic s  
t h a t  undergo th e rm al  p o ly m e r iz a t io n  p o ly m e r iz e  by th e  D ie l s - A ld c r  
mechanism. H is  f i n d i n g  t h a t  no c y c lo b u ta n e s  a r e  formed d u r in g  the  
therm al  p o ly m e r iz a t io n  o f  2-VF and 2-VT i s  c e r t a i n l y  c o n v in c in g  t h a t  
d i r a d i c a l s  p la y  o n ly  a v e ry  m inor r o l e  i n  th e  th e rm a l  i n i t i a t i o n  o f
2-VT and 2-VF. Because o f  th e  s i m i l a r i t i e s  be tw een  s ty r e n e  and 2-VT 
and 2-VF i n  th e rm al  p o ly m e r iz a t io n  th e  f i n d i n g s  o f  Aso e t  _al. su g g e s t  
t h a t  f o r  s ty r e n e  d i r a d i c a l s  a re  u n im p o r ta n t .
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H o w e v e r ,  i t  i s  k n o w n 3 t h a t  p e n t a f l u o r o s t y r e n e  ( P F S )  u n d e r g o e s  
t h e r m a l  p o l y m e r i z a t i o n  w i t h  a n  Rpj .^ o f  o n l y  a b o u t  1|<£ a s  f a s t  a s  
s t y r e n e .  A l t h o u g h  n o t  a v i n y l  a r o m a t i c ,  m e t h y l  m e t h a c r y l a t e 4 (MMA) 
i s  a l s o  k n o w n  t o  u n d e r g o  t h e r m a l  p o l y m e r i z a t i o n  w i t h  a n  R p ^  o f  a b o u t  
l'fc a s  f a s t  a s  s t y r e n e .  I t  i s  d i f f i c u l t  t o  e x p l a i n  t h e s e  o b s e r v a t i o n s  







w o u l d  h a v e  t o  b e  t r a n s f e r r e d .  T h e  p r o p o s e d  D i e l s  A l d e r  d i m e r  o f  MMA 
i s  n o t  a n  AH t y p e  d e r i v a t i v e  w h i c h  c a n  a r o m a t i z e .




( > 21 )
F o r  P F S ,  R p ^  i s  r e p o r t e d  t o  b e  2 n d  o r d e r  i n  m on o m e r  a t  a l l  m o l a r i t i e s ,  
a n d  t h e  m on o m e r  c h a i n  t r a n s f e r  c o n s t a n t  h a s  b e e n  r e p o r t e d  t o  b e  z e r o . 3 
M e t h y l  m e t h a c r y l a t e  a l s o  h a s  a v e r y  l o w  CM o f  a p p r o x i m a t e l y  1 0 “ s . I n  
a d d i t i o n ,  n o  o n e  h a s  r e p o r t e d  i s o l a t i n g  a n y  o l i g o m e r s  f r o m  t h e s e  
m o n o m e r s .  S i n c e  n o  AH t y p e  a d d u c t  s e e m s  t o  b e  p r e s e n t ,  t h e  m o s t  
p l a u s i b l e  m e c h a n i s m  f o r  t h e  t h e r m a l  p o l y m e r i z a t i o n  o f  PFS a n d  MMA i s  
a p u r e  d i r a d i c a l  m e c h a n i s m .  I t  i s  a l s o  r e a s o n a b l e  t o  s u g g e s t  t h a t  
som e  d i r a d i c a l s  c a n  i n i t i a t e  s t y r e n e ,  b u t  a p p a r e n t l y  t h e i r  r a t e  o f
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i n i t i a t i o n  i s  v e r y  s m a l l .  M o r e  t h a n  l i k e l y  t h e  d i r a d i c a l s  t h a t  f o r m  
d u r i n g  t h e  t h e r m a l  p o l y m e r i z a t i o n  o f  s t y r e n e  a r e  q u i c k l y  c o n v e r t e d  t o  
c y c l i c  c o m p o u n d s  o r  t o  m o n o r a d i c a l s .
As we h a v e  s t a t e d ,  c e r t a i n  d i r a d i c a l  i n i t i a t o r s ,  a l t h o u g h  v e r y  
i n e f f i c i e n t l y ,  do  c a u s e  a n  i n c r e a s e  i n  t h e  t h e r m a l  r a t e .  I s  i t  
n e c e s s a r y  t o  p o s t u l a t e  a d i r a d i c a l - A H  s t e p  t o  e x p l a i n  t h i s  i n c r e a s e ?  
R e c e n t l y  K o p e c k y  a n d  E v a n i 2*5 r e p o r t e d  o n  t h e  s t u d y  o f  t h e  d e c o m p o s i t i o n  
o f  t h e  d i r a d i c a l  i n i t i a t o r  c i s - 3 , 6 ~ d i p h e n y l - 3 ,l) ,5  , 6 -
t e t r a h y d r o p y r i d a z i n e  ( D P P )  i n  s t y r e n e  a n d  b e n z e n e .  T h e y  p r o p o s e d  t h a t  
t h e  DPP d e c o m p o s e s  i n  b e n z e n e  d i r e c t l y  t o  a d i r a d i c a l  s i m i l a r  t o  t h e  
t a i l - t o - t a i l  s t y r e n e  d i r a d i c a l  b e c a u s e  o f  t h e  f o r m a t i o n  o f  kOfi
1 , 2 - D C B a ' s  a n d  a p p r o x i m a t e l y  5 0 $  s t y r e n e  ( e q  3 " 2 2 ) .  T h e y  a l s o  r e p o r t e d  
f i n d i n g  1 0 $  o f  a  h y d r a z o n e  f o r m e d  b y  r e a r r a n g e m e n t  o f  DPP ( s e e  e q
T h e y  f o u n d  o n  d e c o m p o s i n g  DPP i n  s t y r e n e  s i m i l a r  a m o u n t s  o f  t h e
1 , 2 - D C B a ' s  a n d  a n  i n c r e a s e d  a m o u n t  o f  t h e  h y d r a z o n e .  ( T a b l e  5 " 3 ) *  
T h e y  r e p o r t e d  t h e  1 , 2 - D C B a ' s  h a d  a c i s / t r a n s  r a t i o  o f  2  w h e r e a s  
t h e r m a l  p o l y m e r i z a t i o n  r e s u l t s  i n  a  c i s / t r a n s  r a t i o  o f  T h e y
R e a r r a
kQ'l 50rf,
o b t a i n e d  a 2 0 $  i n c r e a s e  i n  R p t h  a n d  a  c h a i n  l e n g t h  o f  o n l y  1 . 5  a t  a
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TABLE 3"32b
P ro d u c t  Y ie ld s  From th e  D ecom posit ion  o f  C i s - j $ ,6 - d ip h e n y l - 3 ,^ >5*6" 
t e t r a h y d r o p y r i d a z in e  i n  Benzene and S ty re n e  a t  9S°C
S o lv e n t j> Hydrazone® $  C is - l ,2 -D C B a $ T r a n s - 1 ,2 -DCBa i> S ty re n e
Benzene 9 .8 2 k .2 1 2 .9 53-2
2 6 .8 l h .3 5 ^ .3
S ty re n e 2 0 .3 2 0 .2 10.5 ------
2 5 .4 13 .2 - - - -
a 3 » 6 - d ip h e n y l -2 ,3 » ^ > 5 “ t e t r a h y d r o p y r i d a z i n e .
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DPP c o n c e n t r a t i o n  o f  O . k  m o l a r .  T h e s e  r e s u l t s  i n d i c a t e  DDP i s  o n l y
0 . 4 $  a s  e f f i c i e n t  a s  AIBN i n  i n i t i a t i n g  p o l y m e r i z a t i o n  s i n c e  a 
s i m i l a r  c o n c e n t r a t i o n  o f  AIBN c a u s e s  a 2 0 0 0 $  i n c r e a s e  i n  R p ^  a n d  a 
k i n e t i c  c h a i n  l e n g t h  n e a r  7 0 0 .  I t  may b e  a r g u e d  t h a t  t h e  d i r a d i c a l  
f r o m  DPP i s  d i f f e r e n t  f r o m  t h e  o n e  f o r m e d  i n  h e a t e d  s t y r e n e  s i n c e  
t h e  c i s / t r a n s  r a t i o s  a r e  a l m o s t  r e v e r s e d .  T h i s  d i f f e r e n c e  
c o u l d  a c c o u n t  f o r  t h e  l i m i t e d  i n i t i a t i o n  t h a t  o c c u r s  w h e n  DPP i s  
u s e d .  H o w e v e r ,  K i r c h n e r  a n d  B u c h h o l z 10  r e p o r t  t h a t  t h e  d e c o m p o s i t i o n  
o f  c i s - l , 2 - D C B a  a t  c o n c e n t r a t i o n s  a s  h i g h  a s  2 7 $  a t  1 8 0 ° C  i n  s t y r e n e  
d o e s  n o t  c a u s e  a n  i n c r e a s e  i n  Rp j .^5 o n l y  a n  e x p e c t e d  i n c r e a s e  i n  
t r a n s - 1 , 2 - D C B a  i s  o b s e r v e d .  S i n c e  t h e y  d i d  n o t  o b s e r v e  a n  i n c r e a s e  
i n  i n  s p i t e  o f  g e n e r a t i n g  h i g h  c o n c e n t r a t i o n s  o f  d i r a d i c a l s ,  i t
i s  o b v i o u s  t h a t  t h e  A H - d i r a d i c a l  i n i t i a t i o n  s t e p  i s  u n i m p o r t a n t  b o t h  
i n  t h e r m a l  p o l y m e r i z a t i o n  a n d  i n  DPP d e c o m p o s i t i o n .  K i r c h n e r  a n d  
B u c h h o l z  p o i n t  o u t  t h a t  t h e  d e c o m p o s i t i o n  o f  t h e  c i s - l , 2 - D C B a  t o  t h e  
t r a n s - 1 , 2 - D C B a  a n d  t o  s t y r e n e  i s  a s s u m e d  t o  f o l l o w  t h e  sa m e  r e a c t i o n  
p a t h  a s  t h e  f o r m a t i o n  o f  t h e  1 , 2 - D C B a ' s .  T h e y  b a s e  t h e i r  a r g u m e n t  o n  
t h e  a n a l o g y  o f  a s i m i l a r  r e a c t i o n  w i t h  a  l o w e r  a c t i v a t i o n  e n e r g y . 14
T h e  k n o w l e d g e  t h a t  a z o  l i n k a g e s  a r e  g o o d  e n o p h i l e s  a n d  t h a t  
AH i s  a  g o o d  e n e  d o n o r  ( s e e  C h a p t e r  2 )  a n d  t h a t  t h e  h y d r a z o n e  i n c r e a s e s  
i n  y i e l d  i n  s t y r e n e  ( T a b l e  3 "  3 )  l e a d  u s  t o  s u g g e s t  a n o n c o n c e r t e d  e n e  
t y p e  r e a c t i o n  b e t w e e n  AH a n d  DPP ( e q  3 “ 2 3 )
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B e c a u s e  o f  s t e r i c  h i n d e r a n c e  b e t w e e n  t h e  i n i t i a l l y  f o r m e d  r a d i c a l s ,  
f u r t h e r  r e a c t i o n  l e a d s  t o  tw o  m o n o r a d i c a l s  i n s t e a d  o f  t h e  e n e  
c o m b i n a t i o n  p r o d u c t .  T h e s e  m o n o r a d i c a l s  c a n  b e  t h e  c a u s e  o f  m o s t  o f  
t h e  o b s e r v e d  i n c r e a s e  i n  T h i s  m e c h a n i s m  i s  p l a u s i b l e  s i n c e
f r e e  r a d i c a l  i n h i b i t o r s  a r e  r e p o r t e d  t o  i n h i b i t  t h e  e n e  r e a c t i o n  o f  
s o m e  a z o  e n o p h i l e s .15
T h e  f i n a l  p o i n t  t o  b e  d i s c u s s e d  i n  t h i s  c h a p t e r  c o n c e r n s  t h e  
s t u d y  o f  t h e  k i n e t i c  i s o t o p e  e f f e c t  ( K I E )  o f  d e u t e r i u m  s u b s t i t u t e d  
s t y r e n e s  o n  t h e  r a t e s  o f  t h e r m a l  a n d  i n i t i a t e d  p o l y m e r i z a t i o n .  Th e  
K I E  h a s  l o n g  b e e n  r e c o g n i z e d  a s  a  u s e f u l  m e a n s  o f  m e c h a n i s t i c  
d e t e r m i n a t i o n .  I t  d e t e r m i n e s  ( h o p e f u l l y )  w h e t h e r  a  c e r t a i n  a t o m  i s
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i n v o l v e d  d i r e c t l y  o r  i n d i r e c t l y  i n  a  m e c h a n i s m .  The  two  t y p e s  o f  
K IE  a r e  d e f i n e d  a s  f o l l o w s :
1 )  P r i m a r y  i s o t o p e  e f f e c t s  ( P I E )  a r e  t h o s e  i n  w h i c h  a b o n d
t o  t h e  i s o t o p i c a l l y  s u b s t i t u t e d  a t o m  i s  m ad e  o r  b r o k e n  i n  t h e  c o u r s e
o f  t h e  r e a c t i o n .  T h e  P I E  f o r  c a n  t h e o r e t i c a l l y  b e  a s  l a r g e
a s  1 8  a n d  i s  a l w a y s  g r e a t e r  t h a n  o n e .
2 )  S e c o n d a r y  i s o t o p e  e f f e c t s  ( S I E )  a r e  t h o s e  i n  w h i c h  a b o n d
t o  t h e  i s o t o p i c a l l y  s u b s t i t u t e d  a t o m  i s  n o t  m a d e  o r  b r o k e n ;  S I E  a r e
f u r t h e r  d i v i d e d  i n t o  t h o s e  o f  t h e  1 s t  k i n d ,  i n  w h i c h  t h e  I s o t o p i c  a t o m  
i s  a t t a c h e d  t o  a c a r b o n  a t o m  t h a t  u n d e r g o e s  r e h y d r i d i z a t i o n ,  a n d  t h o s e  
o f  t h e  2 n d  k i n d ,  i n  w h i c h  i t  i s  n o t .  T h e  S I E  o f  t h e  1 s t  k i n d  f o r  
d e u t e r i u m  a r e  f u r t h e r  d e f i n e d  a s  n o r m a l  w h e n  r e h y b r i d i z a t i o n  g o e s  
f r o m  s p 3  t o  s p s  a n d  a s  i n v e r s e  w h e n  g o i n g  f r o m  s p p  t o  s p 3 . N o r m a l
SIE  f o r  h y d r o g e n s  a r e  g e n e r a l l y  g r e a t e r  t h a n  o n e  w i t h  a  t h e o r e t i c a l  
max imum o f  1 . 7k ;  i n v e r s e  S I E  a r e  g e n e r a l l y  l e s s  t h a n  o n e  w i t h  a 
t h e o r e t i c a l  m in im um  o f  0 . k 6 . l a
I n  b o t h  a p u r e  AH i n i t i a t i o n ,  a s  w e l l  a s  i n  a n  A H - d i r a d i c a l  
i n i t i a t i o n ,  a c a r b o n  h y d r o g e n  b o n d  a t  t h e  2 o r  6  p o s i t i o n  o f  t h e  
s t y r e n e  r i n g  i s  b r o k e n  i n  t h e  r a t e  d e t e r m i n i n g  s t e p  ( S t e p  C3 a n d  
S t e p  C 6 ,  S c h e m e  3 - 1 ) .  S u b s t i t u t i o n  o f  a d e u t e r i u m  a t  t h e  2 a n d  (, 
p o s i t i o n  s h o u l d  l e a d  t o  a  p r i m a r y  i s o t o p e  e f f e c t .  I n  a d d i t i o n ,  
s u b s t i t u t i o n  o f  d e u t e r i u m  a t  t h e  a  a n d  (3 p o s i t i o n s  o f  t h e  s i d e  c h a i n  
a n d  a t  t h e  2  a n d  6  p o s i t i o n  o f  t h e  r i n g  s h o u l d  p r o d u c e  i n v e r s e  S I E  
s i n c e  r e h y d r i d i z a t i o n  f r o m  s p ?  t o  s p 3  o c c u r s  a t  t h e s e  p o s i t i o n s  i n  
t h e  f o r m a t i o n  o f  b o t h  AH a n d  t h e  d i r a d i c a l .  D e u t e r i u m  s u b s t i t u t i o n  
a t  t h e  3 , b- a n d  5 p o s i t i o n  o f  t h e  r i n g  s h o u l d  p r o d u c e  S I E  o f  t h e  2nd 
k i n d .  T h e s e  S I E  a r e  g e n e r a l l y  v e r y  s m a l l .
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T h r e e  g r o u p s ^- 7  o f  c h e m i s t s  s y n t h e s i z e d  a - d j . ,  b , f i - d 2 , , a n d  
e i t h e r  2 , 6 - d 2 , 2 , k , 6 - d 3 o r  2 , j5^l ,'j , ( » - d ,5 s t y r e n e s  a n d  s t u d i e d  t h e  
K IE  o n  t h e  i n i t i a t e d  a n d  t h e r m a l  R p .  T h e i r  f i n d i n g s  a r e  l i s t e d  i n  
T a b l e  J - h . T h e  p r i m a r y  c o n c e r n  i s  t h e  K IE  o n  w h i c h  i s  c a l c u ­
l a t e d  f r o m  t h e  K IE  o n  R p t ^ -  F r o m  e q  1 ,  t h e  K IE  o n  Rpj .^ i s  e x p r e s s e d  
a s  f o l l o w s :
w h e r e  t h e  p r i m e  s u p e r s c r i p t  r e f e r s  t o  t h e  d e u t e r i u m - s u b s t i t u t e d  
m o n o m e r .  T h e  K IE  f o r  t h e  t h e r m a l  i n i t i a t i o n  i s  c a l c u l a t e d  by  
s q u a r i n g  b o t h  s i d e s  o f  e q  $ - 2 k  a n d  b y  r e a r r a n g i n g  t o  g i v e  t h i s  
e x p r e s s i o n :
I n  o r d e r  t o  c a l c u l a t e  t h e  K IE  o n  R ^ ^ j  i fc i s  n e c e s s a r y  t h a t  t h e  KIE  
f o r  t h e  m i d d l e  o f  t h e  t e r m  i n  e q  25  b e  k n o w n .  T h e  K IE  o n  t h i s  t e r m  i s  
e a s i l y  d e t e r m i n e d  f r o m  t h e  K IE  o n  t h e  i n i t i a t e d  R p ,  w h i c h  i s  e x p r e s s e d  
by  e q  3“ 2 6 :
I t  i s  k n o w n 7 t h a t  t h e r e  i s  n o  K IE  o n  R^  a n d  o n e  c a n  s a f e l y  a s s u m e  t h a t
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t h e r e  i s  l i t t l e  change in  th e  d e n s i t i e s  o f  th e  monomers. E q u a t io n  3"26 
i s  th e n  red u ced  to  th e  KIE on o n ly  th e  p r o p a g a t io n  and t e r m in a t i o n  r a t e  
c o n s t a n t s :
T h e r e f o r e ,  eq 3“ 25 c a n  now be s i m p l i f i e d  to  eq 3“ 28
A p t h
y
2
( 3- 2 8 )
U sing  t h i s  e q u a t io n  and th e  d a ta  in  T ab le  J - k  th e  KIE on R . ^  f ° r  
cv-d and 0,(3-d2 s ty r e n e s  i s  c a l c u l a t e d  w i t h i n  e x p e r im e n ta l  e r r o r  to  be 
o ne . T h is  v a lu e  i s  m ost a s t o n i s h i n g  i n  view o f  th e  f a c t  t h a t  in  the  
fo rm a t io n  o f  AH and i n  th e  i n i t i a t i o n  by an MIH s t e p  one a  p r o to n ,  and 
s i x  P p r o to n s  undergo  r e h y b r i d i z a t i o n  from sp2 to  sp3 . A d d i t i o n a l l y ,  
i f  i n i t i a t i o n  o c c u rs  by an A H -d i r a d ic a l  s t e p ,  two a  p r o to n s  and e i g h t  
(3 p r o to n s  undergo  r e h y b r i d i z a t i o n  from sp2 to  s p 3 . I t  i s  d i f f i c u l t  
to  e x p l a i n  th e  r e s u l t s  f o r  e i t h e r  one o f  th e  i n i t i a t i o n  s t e p s .  
C a l c u l a t i n g  th e  KIE f o r  f o r  4 - d i - s t y r e n e , one o b t a i n s  th e  e x p e c te d
v a lu e  o f  one s in c e  t h i s  p o s i t i o n  does n o t  change h y b r i d i z a t i o n  in  
e i t h e r  th e  AH o r  th e  d i r a d i c a l  f o r m a t io n .  Any SIE o f  th e  2nd k in d  i s  
e x p e c te d  to  be s m a l l .
S in c e  e i t h e r  th e  2 o r  th e  6 p r o to n  i s  t r a n s f e r r e d  i n  th e  r a t e  
d e te rm in in g  s t e p  f o r  b o th  an MIH i n i t i a t i o n  and an A H -d i r a d ic a l  
i n i t i a t i o n ,  th e  v a lu e  o f  th e  PIE on R ^ ^  f o r  d i - o r th o  deVJteUated
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TABLE 3 -k 7
C o l l e c t i o n  o f  I s o t o p e  E f f e c t s  on O v e r a l l  R a te s  o f  
P o ly m e r iz a t io n  o f  D e u te ra tc d  S ty re n e s
R e fe re n c e  
T em pera tu re  
S ty re n e
r r ^ t h e r m a  1) 
P th
R pzpr— ( I n i t i a t e d ;  
R P
70°Ca 127 °cb 6o°cc 70°ca >t9. 3°Cb 6o°c'
a -d ------------- 0.88 0.8b- 0.86+0.03 0.90 0.91
0.78+0. 0.88 —  0 .81+ 0.ok 0.86 0.88
2 , 6 - d s 1.2940.06 ------ -----  0.96+0.011 ------ ------
2 , k , 6 - d 3 1.35 ------  --------------- 1.0
k - d





a )  See r e f .  7 ;  b) See r e f .  6; c )  See r e f .  3; d) T h is  i s  a p p a r e n t l y  
an  e r r o r ;  e )  See r e f .  3b .
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s ty r e n e s  i s  c a l c u l a t e d  a c c o r d in g  to  eq 3"28 to  be:
Ri t h
Ri t u
( 1 .31  x l )2 = 1 .7  ( 3-29
A lthough  t h i s  v a lu e  o f  1 .7  i s  q u i t e  low f o r  a PIE^ th e  maximum
r e p o r t e d  SIE f o r  Rjj/Rj-) a l l  l i e  belotf I . 3 .17 I f  ont! i n s e r t s
th e  e x p r e s s io n s  f o r  R ^ ^  (eq  3 " H )  and [AH] (cq  3“ 8)  in  eq 3"28 , i t
i s  obv ious  t h a t  th e  v a lu e  f o r  th e  PIE on R . .. i s  r e a l l y  a co m b in a t io ni t h
o f  i n s e p a r a b l e  i s o t o p e  e f f e c t s :
Rl t h  kMIH k fDA kene*M| + ^k trAH RP t h / k p1M̂  , ,
Rl t h  K m  k fDA ke'ne Wl +  (Rt rAH V h ' V " ' '
T h is  v a lu e  o f  th e  PIE f o r  R ^ ^  o f  1*7 I s  s i m i l a r  to  the  PIE 
o f  2 o b se rv e d  by K i r c h n e r  and B uchholz10 f o r  th e  fo rm a t io n  o f  A-Sty  
from 2 ,U ,6 - d 3- s t y r e n e , which in v o lv e s  the  t r a n s f e r  o f  th e  same p r o to n  
in  th e  r a t e  d e te r m in in g  s t e p .  The e q u a t io n  e x p r e s s in g  t h i s  would be 
v e ry  s i m i l a r  to  eq 3“ 30 w i th  the  i n s e r t i o n  o f  th e  e x p r e s s io n  f o r  [AH] 
o f  eq 3 -8  in  eq 3“ 5 :
RA -S tv  _ kene  k£DA ke n e M  + ^k trAH , ,  . ,
RA -S ty  '  k ene k ^ A  ke n J M' l  + <k ttAH
A lthough  i t  i s  p o s s i b l e  t h a t  an A H -d i r a d ic a l  s t e p  c o u ld  e x p la i n  
th e  KIE e f f e c t ,  i t  seems v e ry  u n l i k e l y  from our o t h e r  argum ents t h a t  
t h i s  i n i t i a t i o n  s t e p  i s  o c c u r r in g .
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The arguments which we have p resen ted  should  con v in ce  the  
reader th a t AH does n o t "hang around w ith  a d ir a d ic a l"  -  a t  l e a s t  
n o t o f te n  enough to  i n i t i a t e  the therm al p o ly m er iza tio n  o f  s ty r e n e .  
We have d isc u sse d  what o th e rs  have done. Now th e  n ex t q u e stio n  i s ,  
"What e l s e  have I  done fo r  the D ie ls -A ld e r  mechanism?"
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CHAPTER 4
COMPUTER SIMULATION OF THE THERMAL AND INITIATED 
POLYMERIZATION OF STYRENE
Our f i r s t  s tu d y  o f  th e  mechanism o f  th e  th e rm a l  p o ly m e r iz a t io n  
o f  s t y r e n e  began i n  e a r l y  1968. S e v e ra l  months p r i o r  to  t h i s  t im e, we 
became aw are  o f  th e  com puter program e n t i t l e d  REMECH deve loped  by 
DeTar^ to  s im u la t e  v a r i o u s  complex c h e m ic a l  r e a c t i o n s .  In  h i s  a r t i ­
c l e s  DeTar r e p o r t e d  on REMECH's v e r s a t i l i t i e s  and c a p a b i l i t i e s ,  s i n c e  
he showed t h a t  REMECH c o u ld  s im u l a t e  th e  complex mechanism of benzoy l  
p e ro x id e  (BZ2O2) d e c o m p o s i t io n  i n  b e n z en e .  S in c e  REMECH co u ld  v e ry  
e a s i l y  s im u l a t e  a  f r e e  r a d i c a l  p o ly m e r iz a t io n  w here a s te a d y  s t a t e  i s  
a c h ie v e d ,  we o b ta in e d  a  copy to  u s e  i n  s tu d y in g  th e  D i e l s  A ld e r  
mechanism o f  th e  th e rm a l  p o ly m e r iz a t io n  o f  s t y r e n e .  Our main p u rp o se  
was to  e v a lu a t e  th e  v a r i o u s  r a t e  c o n s t a n t s  i n  th e  th e rm al  mechanism 
which h e r e t o f o r e  had n o t  been c a l c u l a t e d  o r  d e te rm in e d .
For o u r  s tu d y  o f  th e  th e rm a l  p o l y m e r i z a t i o n ,  we used  th e
2
o r i g i n a l  v e r s i o n  p roposed  by Mayo, s i n c e  i t  i n c l u d e s  a l l  th e  s t e p s  
f o r  t h e  th e rm a l  p o ly m e r iz a t io n  (Scheme 4 - 1 ) — th e  f o rm a t io n  o f  AH, th e  
i n i t i a t i o n  by a MIH s t e p ,  t h e  p r o p a g a t io n  s t e p ,  th e  c h a in  t r a n s f e r  
s t e p s  to  monomer and AH, and th e  t e r m in a t i o n  s t e p  by c o m b in a t io n .
When we began  ou r  s tu d y ,  we w ere unaware o f  th e  p r o g r e s s  b e in g  made 
i n  th e  a r e a  o f  o l ig o m er  i d e n t i f i c a t i o n  and i n  t h e  a r e a  o f  k i n e t i c s  of 
o l ig o m er  f o rm a t io n .  T h e re fo re ,w e  d id  n o t  i n c l u d e  any A -S ty ,  1-PhT o r
86
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Scheme 4 -1
Mechanism and  R a te  C o n s ta n ts  f o r  Thermal P o ly m e r iz a t io n
o f  S ty re n e  a t  60°
Thermal I n i t i a t i o n  R ate  C o n s ta n ts —
M +  M - £ P .4 - >  A H  2. X 1 0 " 9  ( D l )
A H   5* 2 M  1 . 3  x  1 0  4  ( D 2 )
A H +  M  >  A . ( R . ) + R .  1  x  1 0 ' a  ( D 3 )
P r o p a g a t io n
k
R* + M — R* +  Po lym er-P  1.4-5 x 10s  (D4)
C hain  T r a n s f e r
R. + AH r . +  polym er-T  1 .5  x 10s  (D5>
k
R* + M ■ ■ >  R* + Polym er-T  1 x 1 0 ' 3 ( ° 6 )
T e rm in a t io n
k
R* + R* — >  Polym er-T  1 .7  x 107
a)  U n i t s  a r e  5 ,/rao le/sec  e x c e p t  f o r  s t e p  D2 which i s  i n  s e c " 1.
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l . , 2 - D C B a  f o r m a t i o n  i n  o u r  m e c h a n i s m T  I n  o r d e r  t o  d e t e r m i n e  t h e  co in -  
p a t a b i l i t y  o f  t h e  a s s i g n e d  r a t e  c o n s t a n t s  f o r  t h e r m a l  i n i t i a t i o n  u n d e r  
i n i t i a t e d  p o l y m e r i z a t i o n  c o n d i t i o n s ,  we r a n  s i m u l t a n e o u s l y  p o l y m e r i z a ­
t i o n s  b o t h  t h e r m a l l y  i n i t i a t e d  a n d  i n i t i a t e d  w i t h  a d d e d  BZ2O2 a n d  
AIBN ( S c h e m e s  4 - 2  a n d  4 - 3 ) .  We r a n  t h e  s i m u l a t i o n  o f  t h e  t h e r m a l  
p o l y m e r i z a t i o n ,  a s s u m i n g  t h e  s i m u l a t e d  p o l y m e r i z a t i o n  o c c u r s  a t  6 0 ° C j  
s i n c e  n u m e r o u s  s t u d i e s  h a v e  b e e n  c o n d u c t e d  a t  t h i s  t e m p e r a t u r e .  We 
c h o s e  t h e  i n i t i a t o r s  AIBN a n d  BZ2O2 b e c a u s e  t h e y  t o o  h a v e  b e e n  e x t e n ­
s i v e l y  s t u d i e d  a t  6 0 ° C  o v e r  w i d e  c o n c e n t r a t i o n  r a n g e s  a n d  b e c a u s e  t h e y
3 —18
d i f f e r  w i d e l y  i n  t h e i r  d e c o m p o s i t i o n  r a t e s .
On e  o f  t h e  m a i n  a d v a n t a g e s  o f  REMECH i s  i t s  a b i l i t y  t o  p r i n t  
o u t  t h e  c o n c e n t r a t i o n  o f  a l l  r e a c t a n t s  a n d  p r o d u c t s  a n d  t o  t o t a l i z e  
t h e  a m o u n t  o f  r e a c t i o n  t h a t  h a s  o c c u r r e d  i n  e a c h  s t e p .  REMECH p r i n t s  
t h i s  d a t a  o u t  d u r i n g  t h e  c o u r s e  o f  a  p o l y m e r i z a t i o n  a t  p r e d e t e r m i n e d  
t i m e  i n t e r v a l s  o r  a t  p r e d e t e r m i n e d  c o n v e r s i o n  i n t e r v a l s .  By c o m p a r i n g  
t h e  o u t p u t  w i t h  t h e  k n o w n  f a c t s  a n d  t h e n  m a k i n g  t h e  n e c e s s a r y  a d j u s t ­
m e n t s ,  we a r e  a b l e  t o  s i m u l a t e  n u m e r o u s  p o l y m e r i z a t i o n s  v e r y  q u i c k l y  
u n d e r  m a n y  v a r i o u s  c o n d i t i o n s .  T a b l e s  4 - 1  a n d  4 - 2  a r e  t y p i c a l  p r i n t ­
o u t s  f r o m  a  s i m u l a t e d  s t y r e n e  p o l y m e r i z a t i o n  i n i t i a t e d  t h e r m a l l y  a n d  
w i t h  1 0  ^ m o l a r  BZ2O2 ( S c h e m e  4 - 2 ) .
To a l l o w  t h e  c o m p u t a t i o n  o f  Rp a n d  f r o m  c o m p u t e r  d a t a ,  t h e  
c o m p u t e r  u t i l i z e s  p r o d u c t s  c a l l e d  P o l y m e r - P  a n d  P o l y m e r - T  ( T a b l e  4 - 1  
a n d  S c h e m e s  4 - 1 ,  4 - 2 ,  a n d  4 - 3 ) .  P o l y m e r - P  c o u n t s  t h e  n u m b e r  o f  s t y ­
r e n e  u n i t s  t h a t  a d d  t o  t h e  g r o w i n g  p o l y s t y r y l  r a d i c a l  a n d  P o l y m e r - T  
c o u n t s  t h e  n u m b e r  o f  t e r m i n a t e d  c h a i n s .  S i n c e  t h e  p r i n t - o u t  t a b u l a t e s  
t h e  m o l a r i t i e s  o f  P o l y m e r - P  a n d  P o l y m e r - T  a t  d e s i g n a t e d  r e a c t i o n
R eproduced  with permission of the copyright owner. Further reproduction prohibited without permission.
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Benzoyl P e r o x i d e - I n i t i a t e d  P o ly m e r iz a t io n  o f  S ty re n e  a t  60c
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I n i t i a t i o n  
2 M - ^ 2 ^ — >  AH
AH rDA ->  2M
AH +  M - - -?> 2R* 
kd f
Bz2 02 ------->  2BzO*
k
BzO* Ph» + C02
k ,
BzO* + M
Ph* +  M
- >  R*
k1 ' -> R.
P ro p a g a t io n
R. +  M J E _ >




R* + Polym er-P
R* + Polymer-T
trM R* + Polymer-T
k
R* + Bz2 0£
T e rm in a t io n
t r l BzO* + Polymer-T
R* + R* ->  Polym er-T
Prim ary  R a d ic a l  T e rm in a t io n  
k T
B* + BzO* PRT
R a te  C o n s ta n ts a
-> Polymer-T
1 x 1O"0
1.3 x i o “4
1 x 10"a
2 x 10“ Q
b.a x 103
1 .2  x 104 
1 x  10s
1 .^ 5  x 102
1 .5  x  10s  
1 x  10“ 3 
0 .8  x 10-1
1 .7  x 107











( E l l )
(E12)
(E13)
a )  U n i t s  a r e  £ /m o le / s e c  e x c e p t  f o r  E2, E4, and E5 w hich  a r e  i n  sec-1
Reproduced  with permission of the copyright owner. Further reproduction prohibited without permission.
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Scheme 4-3
A I B N - I n i t i a te d  P o ly m e r iz a t io n  o f  S ty re n e  a t  60°
I n i t i a t i o n QR a te  C o n s ta n ts
2M ■ — A >  AH 1 x  10"9 (F I )
AH 2M 1 .3  x  10"4 (F2)
AH + M fyIH—>  2R« 1 x 10“8 (F3)
k . f
AIBN —--------- >  2IBN* 6 X 10~Q (F4)
k iIBN« + M -= — >  R* 3 x 103 (F5)
P ro p a g a t io n
k
R* + M - 2 — >  R» +  Polym er-P 1.4-5 x  102 (F6)
Chain  T r a n s f e r
i*AH
R. +  AH — ----->  R» + Polymer-T 1 .3  x 102 (F7)
k l-rM
R* + M ------ >  R* + Polymer-T 1 x  10"3 (F8)
k t r l
R* + AIBN — >  R* + Polymer-T 0 . 5  X 101 (F9)
T e rm in a t io n
k tr .  + R. -------- -> Polymer-T l . T  x 107 (F10)
P rim ary  R a d i c a l  T e rm in a t io n
k PRT
R* + IBN* -------—— >  Polymer-T 8 x  109 ( F l l )
a )  U n i t s  a r e  i n  4 /m o le / s e c  e x c e p t  f o r  F2 and F4 which a r e  i n  s e c " 1 .
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TABLE 4 -1  (c o n t in u e d )
Time BzO» PH*b R * AH
(se c ) (m o le /Z) (m o le /2 ) (m o le / I ) (m o le / i )
INITIAL 0 .1000E -09 0 .1000E -09 0 .1000E -09 0 .0
0 .0 3 .5426E-15 1.9TT3E-17 3 .3425E -09 0 .0
9.8830E 03 3.49!+7E-15 I . 9606E-17 3 .6209E -09 4 . 1630E-CU
I . 9423E ok 3 .H 7 9 E -1 5 1.9442E-17 3 . 656IE-0 9 5 . 1498E-04
2 . 8969E 0+ 3A 014E -15 I . 9277E-17 3 .6522E -09 5.4043E-C*
3 . 8598E 04- 3 . 3548E-15 I . 9HOE-17 3 .6249E -09 5.4412E-CA-
4 . 8352E ok 3 . 308IE- 15 I . 8940E-17 3.589TE-09 5.4129E-04
5.8237E 0!f 3 . 2613E-15 I . 8769E-17 3 .5 5^5E -09 5 .3655E-04
6.8263E 04 3 . 2145E-15 1.859^E-17 3 . 5270E-0 9 5.3126E-04
7.8428E  04- 3 . 1675E-15 1.8i4-l8E-l7 3 . 4916E-0 9 5 .2583E -04
8.8755E Ok 3 . 1202E-15 I . 8238E-17 3 . 4562E-0 9 5.2038E-04
9.9232E 04- 3 .0730E-15 I . 8056E-17 3 A 283E-0 9
3 AOCA.E-0 9
5 . 14-95E-04-
I .O 986E 05 3 . 0256e - 15 I . 7872E-17 5 .0955E-04
1.2065E 05 2.9T81E-15 1.7684E-17 3 .3573E -09 5.04l6E-Cfc
1.3162E 05 2.9305E-15 I . 74914.E-17 3.33&4-E-09 k .  988 IE-04-
1.4-277E 05 2.8826E-15 1.7301E-17 3 . 2933E-0 9 k . 9348F-0+
lO ^ O fE  05 2.9348E-15 I . 7106E-17 3 . 2648E-09 4 .8819E -04
1.6355E 05 2.7870E-15 1 .6 9 0 8 E -l^ 3 . 5388E-0 9 4 . 8293E-ok
a )  The b e n z o y l  r a d i c a l  form ed by d e c o m p o s i t io n  o f  BZ2O2 (eq  E4, Scheme 4 -2 )




















T a b u la t io n  o f  t h e  Amount o f  R e a c t io n  t h a t  Has O ccu rred  i n  Each S tep  
o f  Scheme 4 - 2 :  The P o ly m e r iz a t io n  o f  S ty re n e  i n  t h e  P r e s e n c e  o f  10^** M olar  BZ2O2
Time REACTION NO. REACTION NO. REACTION NO. REACTION NO. REACTION NO. REACTION NO. REACTION NO.
(se c ) E l E2 E3 E4 E5 E6 E7
INITIAL 0 .0 o . c 0 .0 r \ r \ W • 0 .0 0 .0 C.O
0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0
9.8830E 03 1 . 8607E-CO 1 . 6698E-07 3 . 5813E-0 6 1 . 6698E-07 7 .2740E-04 3 . 0962E-04 2.G417E-07
1 . 9^ 25-E 04 3 . 6229E-0 6 3 . 2594E-07 6 . 9T28e - o 6 3 . 2594E-07 1.4222E-03 9 . 0290E-04 5 . 9363E-C7
2 . 8969E o4 5 . 3539E-06 4 . 8285E-07 1.0304E-05 4 . 8285E-07 2.1105E-03 1 . 5625E-03 1.0244E-C6
3 . 8598E 04 7 . 0681E-06 6 . 3399E-C7 1 . 3601E-05 6 . 3899E-C7 2.79T7E-03 2.2427E-03 1.4665E-06
4 .8352E  04 8 .7722E -06 7 . 9496E-07 1 . 6879E-05 7 . 9496E-07 3 .4868E-03 2 .9313E-03 I . 9 I I 7 E-O0
5.8237E 04 1.0467E-05 9 . 308IE-07 2 . 0137E-05 9 . 508IE-07 4 . 1780E-03 3.6239E-03 2 .3572E -06
6.8263E 04 1.2133E-05 1. 1066E-0 6 2 .3377E-05 1. 1066E-0 6 4 .8719E-03 4 .3198E -03 2.8025E-C6
7.8428E 04 1.3S30E-05 1 . 2623E-0 6 2.6599E-05 1 . 2623E-0 6 5 . 5682E-03 5.0183E-03 3 .2472E -06
8.8755E 04 1.5500E-05 1.4182E-06 2 . 9806E-05 1.4182E-06 6.2682E-03 5.7205E-03 3 .6920E -06
9 . 9232E 04 1.7160E-05 1.5739E-06 3 . 2995E-03 1.5739E-06 6.9T12E-03 6.4256E-03 4 . 1363E-O6
1.0986E 03 1.S311E-05 1.7294E-06 3 . 6 i 64e -05 1.7294E-06 7 . 6767E-03 7 .1334E-03 4 . 5799E-06
1.2065E 03 2.0453E-05 I . 885OE-O6 3.9316E-05 1.8850E-06 8 . 3858E-03 7 .8446E -03 5 . 0233E -06
1.3162E 05 2.2087E-05 2 .0405E -06 4.2450E-03 2 .0405E-06 9 . 09B8E-03 8.5597E -03 3 .+ 66SE-0 6
1.4277E 05 2.3713E-05 2 .1960E -06 4 . 5568E-05 2 . 1960E-0 6 9 . 8156E-03 9 . 2787E-03 5 . 9103E-06
1.54C7E 03 2 . 3326E-03 2 .3511E -06 4 . 86c IE - 03 2 . 3511E-0 6 1.0555E-02 9-9999E-03 6 . 3528E-06
1.6555E 05 2 . 6928E-05 2 . 5 039E~06 5 . 1751E-03 2.5C59E-06 1.1257E-02 1.0724E-02 6 .79^7E -0 o
VOU>
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t im e s ,  th e  Pr i s  c a l c u l a t e d  by d i v i d i n g  th e  m o l a r i t y  o f  Polym er-P  by 
th e  m o l a r i t y  o f  Polym er-T  (no . o f  s t y r e n e  u n i t s / n o .  of polymer u n i t s )  
w h i l e  Rp i s  c a l c u l a t e d  by d i v i d i n g  th e  m o l a r i t y  o f  Polym er-P  by th e  
r e a c t i o n  t im e .
In  th e  p r o c e s s  o f  s tu d y in g  th e  c o m p a t a b i l i t y  o f  therm al p o ly ­
m e r i z a t i o n  w i th  i n i t i a t e d  p o l y m e r i z a t i o n ,  we a l s o  d e te rm in e d  the  im­
p o r ta n c e  o f  p r im a ry  r a d i c a l  t e r m in a t i o n  (PRT) i n  i n i t i a t e d  p o ly m e r iz a ­
t i o n s .  I n  PRT, p r im a ry  r a d i c a l s  from th e  i n i t i a t o r  t e r m in a te  growing 
c h a in s  r a t h e r  th a n  add to  monomer to  I n i t i a t e  g ro w th .  I t  i s  gen ­
e r a l l y  a c c e p te d  t h a t  PRT i s  one o f  th e  m ost im p o r ta n t  c a u s e s  o f  th e
d e v i a t i o n s  o f  th e  k i n e t i c s  o f  v i n y l  p o ly m e r iz a t io n  from th e  k i n e t i c
19law s p r e d i c t e d  from th e  s im p le  system  o f  e q u a t i o n s .  Numerous 
3 20a u th o r s  ’ have s tu d i e d  PRT, u s in g  v a r i o u s  k i n e t i c  and a lg e b r a i c  
e q u a t io n s  b u t  a lw ays  u n d e r  s t a t i c  and r e s t r i c t e d  c o n d i t i o n s .  Use o f  
th e  com puter s i m u l a t i o n s  o f  i n i t i a t e d  p o ly m e r iz a t io n  a l lo w s  th e  s tu d y  
o f  PRT under more r e a l i s t i c  c o n d i t i o n s .
The u n e v a lu a te d  r a t e  c o n s t a n t s  f o r  th e  s t e p s  i n  th e rm a l  i n i ­
t i a t i o n  and p o ly m e r iz a t io n  in c l u d e  k ^ ^ ,  k ^ ^ ,  k ^ ^ ,  and k ^ ^ .  We
a l s o  s o u g h t  to  r e e v a l u a t e  th e  monomer c h a in  t r a n s f e r  c o n s t a n t  (C^)
9 -5b e c a u s e  O la j  p o in te d  o u t  t h a t  the  v a lu e  o f  f o r  s t y r e n e  o f  6x10
sh o u ld  be much lower th a n  th e  t r a n s f e r  c o n s t a n t  o f  e t h y l b e n z e n e ^  o f
8 .3 x l 0 -5  and t h a t  i t  i s  p ro b a b ly  c l o s e r  to  t h a t  o b se rv ed  f o r  benzene*^
o f 6 x l0 - 6 . E x p e r im e n ta l  v a lu e s  a r e  known f o r  Ri t h> anc*
and f o r  P , a t  d i f f e r e n t  c o n v e r s io n s .  I n  a d d i t i o n ,  we were a b l e  to  n th
c a l c u l a t e *  a v a lu e  f o r  th e  e q u i l ib r iu m  c o n s t a n t  f o r  th e  D i e l s  A lder
*See Appendix  4A.
R eproduced  with permission of the copyright owner. Further reproduction prohibited without permission.
96
d i m e r i z a t i o n  s t e p  =» u s in g  B e n s o n 's  method of a d d i t i v i t y
o f  group p r o p e r t i e s . ^
The k i n e t i c  r e l a t i o n s h i p s  betw een th e  known r a t e  c o n s t a n t s  
and th e  r e p o r t e d  d a t a  f o r  th e rm a l  p o ly m e r iz a t io n  a r e  e x p re s s e d  a c c o r d ­
ing  to  f r e e  r a d i c a l  s t e a d y  s t a t e  k i n e t i c s  as  f o l l o w s :
k (R )°*5[M] 
Rp th  ■ p ( % >
Rl t h  ■ 2kMIH1AHnM1 <4~2)
where f o r  th e  mechanism o f  Scheme 4 -1  th e  AH m o la r i t y  i s  d e f in e d  by 
s te a d y  s t a t e  a p p ro x im a t io n  a s  f o l lo w s :
k f  [M]2
tAH1 = k T T  m T T k -------- (R----- 7 2 k T ^  (4_3)rDA mIH trAH i t h  t
A d d i t i o n a l l y ,  th e  r e l a t i o n  betw een th e  d e g re e  o f  p o ly m e r iz a t io n  and 
th e  c h a in  end fo rm ing  p r o c e s s e s  o f  Scheme 4 -1  i s  e x p re s s e d  f o r  the rm al  
p o ly m e r iz a t io n ^ a c c o r d in g  to  eq 15 i n  th e  i n t r o d u c t i o n ' s  f o l lo w s :
i / p  -  k t RP th  . r  . r  tAH] .
^ n th  “  k* [M]2 M AH [M] ( 4)
P
where th e  t r a n s f e r  c o n s t a n t  f o r  CA„ i s  th e  r a t i o  o f  k AIt/ k  .AH trAH p
A lthough  eq 4 -4  a p p e a r s  s t r a i g h t f o r w a r d ,  i t  masks one o f  th e  unex-
7 8p la in e d  o b s e r v a t io n s  o f  th e rm a l  p o l y m e r iz a t i o n .  The f i n d i n g s  * t h a t  
th e  d e g re e  o f  p o ly m e r iz a t io n  i s  v e ry  h ig h  a t  low c o n v e r s io n s  b u t  t h a t  
i t  d e c r e a s e s  to a p l a t e a u  v a lu e  a t  a p p ro x im a te ly  1% c o n v e r s io n  a r e  in
R eproduced  with permission of the copyright owner. Further reproduction prohibited without permission.
97
marked c o n t r a s t  to  i n i t i a t e d  p o ly m e r iz a t io n s  where a s e t  v a lu e  o f  P
g
i s  r e a c h e d  a lm o s t  i n s t a n t a n e o u s l y .  M u lle r  lias su g g e s te d  t h a t  t r a n s ­
f e r  to  monomer c o n t r o l s  P .. a t  r e a l  low c o n v e r s io n s  b e c au se  thenn th
b o th  a s  w e l l  a s  AH c o n c e n t r a t i o n  a r e  v e ry  sm a l l  ( s e e  eq 4 - 4 ) .
However, M ill le r  say s  t h a t  a s  th e  AH c o n c e n t r a t i o n  i n c r e a s e s  to  a 
s t e a d y  s t a t e  v a l u e ,  c h a in  t r a n s f e r  to  AH becomes th e  c o n t r o l l i n g  s t e p  
r e s u l t i n g  i n  th e  o b se rv e d  p l a t e a u  v a lu e .  However, i f  th e  e a r l i e r  sug­
g e s t i o n s  a r e  c o r r e c t  a b o u t  b e in g  s m a l le r  th a n  i s  o b s e rv e d ,  and i f  
i s  a s  l a r g e  a s  i s  ex p ec ted  b e c a u se  t r a n s f e r  has a l a r g e  d rv in g  
f o r c e - a r o m a t i z a t i o n ,  th e n  th e  o b se rv e d  f o r  s t y r e n e  o f  6 x l0 -5 
sh o u ld  be w r i t t e n  i n s t e a d  a s  the  sum o f  c h a in  t r a n s f e r  to  monomer and 
to  AH (eq 4 - 5 ) :
CM (o b se rv e d )  = ( a c t u a l )  + cAH"f f i |~ (4 -5 )
w here ( a c t u a l )  i s  c l o s e r  to  th e  t r u e  v a lu e  of C^. We used  i n  our
s im u l a t io n  th e  v a lu e  f o r  k recommended by W a l l i n g ^  and c a l c u l a t e d  a
1 *)
v a lu e  f o r  k. from th e  v a lu e  o f  k . / k 2 = 800. t  t  p
I t  a p p e a r s  t h a t  th e  u s e  o f  the  f i r s t  f i v e  e q u a t io n s  and th e
known v a lu e s  o f  1 /P  , R . ,^ . ,  R . , k and k c o u ld  be used i n  a s im p len P th  i t h  p t
c a l c u l a t i o n  to  g iv e  v a lu e s  f o r  kfQA, krDA, k ^ ,  k trAH and k trM and 
f o r  t h e  AH c o n c e n t r a t i o n  a s  a f u n c t i o n  o f  c o n v e r s io n .  However, use  
o f  th e  v a lu e  f o r  R^j.^ i n  eq 4 -2  g iv e s  o n ly  th e  p ro d u c t  [AH 1. I f  
the  c a l c u l a t e d  v a lu e  of K^A and th e  v a lu e s  f o r  R ^ ^  and k t  a r e  used 
i n  eq 4 - 3 ,  one s t i l l  c a n n o t  s e p a r a t e  o r  c a l c u l a t e  any u s a b le  v a lu e s  
^MIH* ktrAH* k f DA or . And th e  u s e  o f  l i t e r a t u r e  v a lu e s  f o r  
Rpt ^ ,  kp , k fc and in  eq 4-4  does  n o t  d u p l i c a t e  th e  c h a r a c t e r i s t i c
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b e h a v io r  of P ^ o b se rv e d  by M u lle r  and o t h e r s .  ’ The s i m u l a t io n  by
th e  com puter program  i s  n e c e s s a r y  to  d u p l i c a t e  th e  c o n d i t i o n s  of
th e rm a l  p o ly m e r iz a t io n  i n  eqs  4 -1  th ro u g h  4 - 5 ,
Scheme 4-1  l i s t s  th e  r e a c t i o n  s t e p s  and th e  known and a s s ig n e d
r a t e  c o n s t a n t s  f o r  th e  D ie l s  A ld e r  mechanism. These r a t e  c o n s t a n t s
le a d  to  a r a t e  o f  th e rm a l  i n i t i a t i o n  o f  0 .9x .l0 - 1 ° £ /m o lc / s e c  a t  60°C i n
e x c e l l e n t  agreement w ith  the observed v a lu e  o f  1 .3X10"1° £ /m o le /s e c
r e p o r t e d  by R u s s e l l  and Tobolsky."* Our r a t e  o f  th e rm al  p o ly m e r iz a t io n
o f  1 .9x10  ^ , /m o le /se c  (T a b le  4 -3 )  compares f a v o r a b ly  w i th  th e  a v e ra g e
v a lu e  o f  2 .04x10  6f . /m o le /se c  o b ta in e d  by Mayo, Gregg and M atheson .^
The program g iv e s  a d e g re e  o f  p o ly m e r iz a t io n  which d e c r e a s e s
from a h i g h - v a l u e  o f  2.93x10** a t  low c o n v e rs io n s  to  a p l a t e a u  v a lu e
o f  1.06x10** a t  h ig h  c o n v e r s io n s  (T ab le  4 -3  and F ig u r e  4 -1 )  i n  a c c o r d -
g
a nce  w i th  M u l l e r ' s  o b s e r v a t i o n .  Our p l a t e a u  v a lu e  o f  Pn t ^ l i e s  be­
lt 4tween th e  a v e ra g e  v a lu e  o f  0 ,9 x 1 0  o bse rved  by Mayo and th e  p l a t e a u
v a lu e  o f  1.12x10** p u b l is h e d  by L o u c h e u x .^
The com puter p r i n t o u t  (T a b le  4 -2 )  and th e  r e l a t i o n s  f o r  con­
v e r t i n g  number a v e ra g e  to  w e ig h t  a v e ra g e  d e g re e  o f  p o ly m e r iz a t io n  
deve loped  by O l iv e  and O l i v e ^  en a b le d  u s  to  c a l c u l a t e *  th e  d i s p e r ­
s io n  (P /P  ) .  The v a lu e  o f  1 .93  a t  the  p l a t e a u  i s  i n  a c c o rd  w i th  the  w n r
13v a lu e  o f  1 .879  found by Macosko and Weale. The w e ig h t  a v e ra g e
m o le c u la r  w e ig h t  o f  2 . 1 1 x l 0 e , which i s  c a l c u l a t e d  from th e  d i s p e r s i o n
and Pn v a l u e s , d u p l i c a t e s  th e  v a lu e  o f  2 ,2 5 x l0 6 r e p o r t e d  by Boyer and 
14Rubens. The v a lu e s  a s s i g n e d  to  th e  t r a n s f e r  r a t e  c o n s t a n t  of
*See Appendix  4B.
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TABLE 4-3
Thermal Polymerization of Styrene at 60°C
4> Contribution to Chain Enda
Time
(hr)
Conv. RpXlO0 [AH]xl04 P xio"3 n IoV pJ CM
-----------------------------------------1
Termination 1- r Pw n
1 .038 0.903 2.129 29.3 3.42 47.5 20.2 32.5 1.87
2 .100 1.20 3*454 20.4 4.90 56.5 14.1 29.6 1.90
5 .173 1.39 <♦.279 16.9 5.94 60.5 11.6 27.8 1.91
4 .252 1.51 4.792 14.9 6.68 62.7 10.3 26.7 1.92
5 .335 1.60 5.109 13.9 7.19 64.3 9.6 26.1 1.91
6 .420 1.67 5.304 13.2 7.59 65.3 9.1 25.6 1.91
7 .506 1.73 5.423 12.6 7.91 66.0 8.7 25.2 1.93
0 • 592 1.77 5.493 12.3 8.13 66.7 8.5 25.1 1.91
9 .678 1.80 5.533 12.0 8.34 66.9 8.3 24.9 1.92
10 .765 1.82 5-555 11.8 8.50 67.3 8.1 24.7 1.91
11 .851 1.85 5.565 11.6 8.62 67.5 8.0 24.6 1.92
12 .930 1.87 5.567 11.5 8.72 67.6 7.9 24.4 1.89
15 1.03 1.88 5.565 11.4 8.81 67.8 7.8 24.4 I .89
14 1.11 1.90 5.560 11.2 8.89 67.9 7.8 24.4 1.92
16 1.28 1.91 5.545 11.1 9.03 68.1 7.7 24.2 1.92
18 1.45 1.93 . 5.528 11.0 9.12 68.2 7.6 24.1 1.92
20 1.63 • 1.94 5.509 10.9 9.14 68.4 7.5 24.1 1.93
30 2.47 1.96 5.415 1C.7 9.34 68.7 7.4 24.0 1.93
40 3.29 1.97 5.324 10.6 9.43 68.5 7.3 23-9 1.93
50 4.10 1.96 5.235 10.6 9.43 68.7 7-3 23.9 1.93
75 6.oh 1.93 5.024 10.6 9.44 69.0 7.3 23.9 1.93
100 7.89 1.89 4.826 10.6 9.41 68.7 7.3 23.9 1.93
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monomer and AH g iv e  a t o t a l  v a lu e  f o r  (o b se rv e d )  i n  eq 4 -5  o f  
7 .5 x l0 -5  which a g r e e s  w e l l  w i th  th e  r e p o r t e d  v a lu e  o f  6 x l0 - 5 . The
v a lu e  o f  Cg f o r  b e n z en e .  The v a lu e  found f o r  th e  AH c h a in  t r a n s f e r  
c o n s t a n t  i s  a p p ro x im a te ly  o n e .  T h is  v a lu e  i s  v e ry  l a r g e  i n  com parison  
to  o t h e r  h y d ro c a rb o n s .  Note i n  T ab le  4 -1  t h a t  c h a in  t r a n s f e r  to  AH 
a p p e a r s  to  c o n t r o l  th e  m o le c u la r  w e ig h t  from th e  v e ry  b e g in n in g  o f  th e  
p o ly m e r iz a t io n .
e v a lu a t e  th e  u n d e te rm in ed  r a t e  c o n s t a n t s  by d u p l i c a t i n g  th e  known d a ta
i n  th e rm a l  p o ly m e r iz a t io n .  One o t h e r  c r i t e r i o n  i s  t h a t  th e  e v a lu a te d
r a t e  c o n s t a n t s  f o r  th e  th e rm a l  mechanism sh o u ld  be c o m p a t ib le  w i th
i n i t i a t e d  p o l y m e r i z a t i o n s .  In  th e  i n i t i a t e d  p o l y m e r i z a t i o n s ,  v a lu e s
were known f o r  Rn , P , R . ,  k.. T and k , f .  We a l s o  used a s i n g l e  r a t eP ’ n ’ i  t r l  d
c o n s t a n t  f o r  any g iv e n  r e a c t i o n  in  b o th  th e  i n i t i a t e d  and i n  the  
th e rm a l  p o ly m e r iz a t io n  r u n s .  Those r a t e  c o n s t a n t s  n o t  e v a lu a te d  were
a s s ig n e d  to  a g re e  w i th  th e  r e p o r t e d  r e s u l t s .
r e l a t i n g  th e  o v e r a l l  Rp to  i n i t i a t i o n  by added i n i t i a t o r  and by 
th e rm al  i n i t i a t i o n  a r e  g iv e n  a s
monomer c h a in  t r a n s f e r  c o n s t a n t  o f  7 x l0 “ 6 c o r r e s p o n d s  c l o s e l y  to  the
We s e t  o u t  from th e  b e g in n in g  o f  o u r  s im u l a t io n  s tu d y  to
The e q u a t io n s  a c c o r d in g  to  f r e e  r a d i c a l  s te a d y  s t a t e  k i n e t i c s
(4 -6 )
where Rt  = 2kdf [ I ]
and from e q u a t io n  4 -2
Ri t h  = 2kMiHlAHl
(4 -7 )
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The e q u a t io n  r e l a t i n g  th e  d e g re e  o f  p o ly m e r iz a t io n  to  a l l  th e  c h a in  
end ing  p r o c e s s e s  i n  t h e  i n i t i a t e d  p o ly m e r iz a t io n  i s  e x p re s s e d  a s :
,p „ k t (kd f [ I ] )  +  [AH]
n k [M] + CM + AH [M]
+ CI + PRT (4 -8 )
w here  CT i s  th e  i n i t i a t o r  t r a n s f e r  c o n s t a n t  e q u a l  to  k T/ k  and PRT I  ^ t r l  p
i s  th e  r a t i o  o f  th e  r a t e  o f  p r im a ry  r a d i c a l  t e r m in a t i o n  to th e  r a t e  
o f  p o ly m e r iz a t io n .  A cco rd ing  to  t h e s e  e q u a t i o n s , t h e  v a lu e s  a s s ig n e d  
to  th e  r a t e  c o n s t a n t s  f o r  th e  th e rm a l  mechanism i s  q u i t e  c r i t i c a l  a t  
low i n i t i a t o r  c o n c e n t r a t i o n s ;  a t  h ig h e r  i n i t i a t o r  c o n c e n t r a t i o n s  th e  
th e rm a l  p o ly m e r iz a t io n  becomes n e g l i g i b l e  and th e  v a lu e  f o r  kD__
r K  1
becomes im p o r ta n t .
The r a t e  c o n s t a n t s  which d u p l i c a t e d  th e  r a t e  and th e  d e g re e  o f  
p o ly m e r iz a t io n  d a ta  and th e  s o u rc e s  o f  c h a in  ends (eq 4 -8 )  f o r  each 
ben zo y l  p e ro x id e  c o n c e n t r a t i o n  a r e  l i s t e d  i n  T ab le  4 - 4 .  We used th e  
k^f  v a lu e  o f  2 x l0 “ 6s e c ” 1 r e p o r t e d  by Mayo'* and Tobolsky.^"* The 
v a lu e s  f o r  th e  r a t e  c o n s t a n t s  f o r  th e  d e c a r b o x y la t io n  o f  th e  b e n z o y l-  
oxy r a d i c a l  (eq E l l ,  F ig .  4 -2 )  and f o r  a d d i t i o n  o f  th e  benzoyloxy  
r a d i c a l  to  s t y r e n e  (eq E6, F ig .  4 -2 )  w ere  a s s ig n e d  to  a g r e e  w i th  th e  
r e p o r t e d  r a t i o ^  ^dco^k i  = 0*4* The v a lu e  f o r  th e  BZ2O2 c h a in  t r a n s -
4
f e r  r a t e  c o n s t a n t  (eq E l l ,  F i g .  4 -2 )  was c a l c u l a t e d  from th e  r e p o r t e d  
c h a in  t r a n s f e r  c o n s t a n t  f o r  benzoy l  p e ro x id e  o f  0 .0 5 5  and from th e  
a s s ig n e d  v a lu e  o f  k^ .
T ab le  4-4  c o n t a i n s  a  l i s t  o f  t h e  a s s ig n e d  r a t e  c o n s t a n t s  
which d u p l i c a t e s  r e p o r t e d  d a t a  f o r  AIBN i n i t i a t i o n .  For th e  AIBN
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TABLE 4 - 4
R ate  C o n s ta n ts  f o r  th e  R e a c t io n  S teps  
In  th e  I n i t i a t e d  P o ly m e r iz a t io n
Benzoyl P e ro x id e AIBN
Eq
Q
R ate  C o n s ta n t Eq
g
R a te  C o n s ta n t
I n i t i a t i o n
El kfDA "  1 * 10“ 9 FI kfDA "  1 X 10‘ 9
E2 krDA "  X- 3 X 10" “ F2 krDA = 1 *3 X 10' “
E3 *MIH "  1 X 10' 8 F3 “mih  "  1 x 10-0
E4 k , f  -  2 x 10-6 d F4 k . f  = 6 x  10~6 d
E5 kdC 0* ' 4 - 8 * 1(>S F5 k f  - 3 x  103
E6 k f  -  1 .2  x 10"
E7 k f 1 -  1 x 10s
P r o p a g a t io n
E8 k ™ 1 .4 5  x 102 F6 k •» 1 .4 5  x 102
P P
C hain  T r a n s f e r
E9 k -  1 .5  x 102 F7 k ■ 1 .5  x 1 0 2trAH trAH
E10 k M -  1 x 1 0 "3 trM F8
k. u  "  1 x  1 0 "3 trM
E l l 7? I D OO F9 k = 5t r l t r l
T e rm in a t io n
E12 k fc -  1 .7  x 107 F10 k « 1 .7  x 107
P r im ary  R a d ic a l  T e rm in a t io n
E13 kPRT "  6 x 109 F l l kPRT "  8 X 109
a )  U n i t s  a r e  A /m ole /sec  e x c e p t  f o r  E2, E4, Eg, F2 and F4 w hich a r e  
s e c " 1.
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17d e c o m p o s i t io n  s t e p ,  we used  th e  r e p o r t e d  k^f  o f  6 x l0 - 6 s e c - 1 . We 
a s s ig n e d  a v a lu e  f o r  th e  AIBN c h a in  t r a n s f e r  r a t e  c o n s t a n t  o f  5 to  
a g r e e  w i th  th e  r e p o r t e d  v a lu e  f o r  o f  0 . 0 3 . ^ a ’^
Because AIBN has  a k^ f  v a lu e  w hich i s  t h r e e  t im es  g r e a t e r  
than  k^ f  f o r  BZ2O2 , i t  p ro d u ces  h ig h e r  r a t e s  o f  p o ly m e r iz a t io n  a t  
s i m i l a r  i n i t i a t o r  c o n c e n t r a t i o n s . Se ve r a l  a u t h o r s ^ 1* have 
shown t h a t  b e c au se  o f  t h i s  f a s t e r  d e c o m p o s i t io n  r a t e ,  PRT o c c u rs  to  a 
g r e a t e r  e x t e n t  in  AILN i n i t i a t e d  p o ly m e r iz a t io n s  than  in  Bz202 I n i ­
t i a t e d  o n e s .  I n  Schemes 4 -2  and 4-3  we a s s ig n e d  to  th e  p r im ary  r a d i ­
c a l  t e r m in a t i o n  r a t e  c o n s t a n t s  a v a lu e  which a g r e e s  w i th  t h e s e  
r e s u l t s .
For BZ2O2 i n t i a t e d  p o ly m e r iz a t io n s  we a t te m p te d  to  d u p l i c a t e
4
th e  e x p e r im e n ta l  d a t a  o f  Mayo, Gregg and M atheson (T ab le  4 - 5 ) .  Our
v a lu e s  o f  th e  d e g re e  o f  p o ly m e r iz a t io n  and th e  r a t e  o f  p o ly m e r iz a t io n
a g r e e  w i th  t h e i r s  to  w i t h in  5% f o r  most i n i t i a t o r  c o n c e n t r a t i o n s .
We a t te m p te d  to  d u p l i c a t e  th e  r e s u l t s  o f  P ry o r  and F i s k e ^ a
3band Manabe, U tsum i, and Okamura f o r  th e  AIBN i n i t i a t e d  p o ly m e r iz a ­
t i o n s .  The ag reem en t  o f  o u r  v a lu e s  w i th  t h e i r  r a t e s  and m o le c u la r  
w e ig h ts  a t  s i m i l a r  c o n c e n t r a t i o n s  i s  w i t h i n  10% (T ab le  4 - 6 ) .  We 
a s c r i b e  th e  p o o re r  ag reem en t  o f  th e  AIBN d a ta  i n  com parison  to  th e  
d a ta  f o r  BZ2O2 to  th e  u n c e r t a i n t y  i n  th e  PRT r a t e  c o n s t a n t  and
T a b le  4-7  g iv e s  th e  computer d e te rm in e d  c h a in -e n d  c o n t r i b u ­
t i o n s  f o r  b enzoy l  p e r o x i d e - i n i t i a t e d  p o ly m e r iz a t io n  c a l c u l a t e d  
a c c o rd in g  to  eq 4 - 8 ,  and F ig u r e  4-2 shows th e s e  s o u rc e s  o f  c h a in  ends 
g r a p h i c a l l y .  [Our T ab le  4-7  i s  s i m i l a r  to  t h a t  p u b l is h e d  by P ryo r  
and F i s k e  (T ab le  V o f  r e f .  3 a ) ,  and F i g u r e  4-2  i s  s i m i l a r  to  t h a t























T h is  work3 R e f .  4^
10s / P n 
T h is  work R e f .  4^ P x lO- 3  n P / ?  w n
1 .6 5  x 105 1 x l o " 4 0 .4 1 ------- 1 1 .9 8 .3 8 1 .8 3
1 .5  x 1G5 1 .2 5  x  lO- 4 0 .4 6 0 .5 1 2 .4 1 2 .1 8 .0 5 1 .8 1
1 .0 9  X 105 2 .5  x  10"4 O.6 3 O.69 1 4 .4 1 4 .7 6 .9 5 1 .7 6
7 .8 0  x  104 5 x 1 0 "4 0 .8 8 0 .9 3 IT .  3 1 6 .6 5 .7 7 1 .71
5 .5 2  x  104 1 x 10"3 1 .2 4 1 .3 2 1 .8 2 1 .5 4 .5 8 1 .6 7
3 .4 9  x  104 2 .5  x  10"3 1 .9 7 2 .0 5 3 0 .8 3 0 .5 3 .2 4 1 .5 8
2 .4 6  x 104 5 x  l o "3 2 .7 9 2 .7 4 4 1 .6 4 2 .4 2 .3 9 1 .6 0
1 .7 4  x  104 1 x l o "2 3 .9 5 3-99 5 8 .4 6 1 .7 1 .71 1 .6 0
1 .2 3  X 104 2 x 10"2 5 .5 9 5 .6 8 4 .1 8 5 .8 1 .1 9 1 .6 1
8 .6 8  x 103 4 x 10"2 7 .9 3 8 .1 124 .6 12 8 .0 0 .8 0 2 1 .6 3
6 .1 4  x  103 6 x 10"2 1 1 .2 1 1 .2 1 9 0 .4 197 .0 0 .525 1 .6 6
5 .5 0  x 103 1 x 10_1 1 2 .5 ------- 219 .5 — 0 .4 5 6 1 .6 7
4 .3 5  x  103 1 .6  X 10' 1 1 5 .8 1 6 .4 2 9 9 .4 297 .0 0 .3 3 4 1 .7 0
(a )  A l l  ru n s  made t o  8'i c o n v e r s io n ,  (b )  Data was a v e ra g e d  when s e v e r a l  v a lu e s  








RP X 10s 10* 3
V * nThis work* Ref. 3b This work Ref. 3b
5. 1*6 x 10* I* x lo "8 0.1*7 0.21 1.01
3.55 x 10* 1 x 10'4 0.73 7.05 1.74
2.52 X 104 2 x 10"4 1.02 5.05 1.60
1.70 x 104 1* x 10“4 1. 1*1* 1*.67 1.62
1,07 x 104 1.1 x 10"3 2. 1*0 3.15 1.50
9.71 x 103 1.33 x 10”° 2.65 2.91 1.57
5.92 x 10a 3.59 x 10“3 !*.36 l*.6o 1.01* 1.64 1.55
3.95 x 10s 8.09 x 10'3 6.53 6.95 1.23 1.10 1.54
3.22 x 103 1.23 x 10”® 0.01 O.989 • 1.55
2.90 x 103 1. 1*1* x 10“® 0.66 9.1*3 0.912 0.846 1.56
2.39 x 103 2.25 x 10”® 10.0 11.0 0.719 0.664 1.56
2.00 x 103 3.24 x 10”® 12.9 ll*.0 0.509 0.552 1.57
1.52 x 103 5.76 x 10“® 17.0 10.2 0.1*27 0.413 1.59
1.26 x 103 0.55 x 10"® 20.5 20.6 0.340 0.340 1.62
1.07 x 10a 1.20 x 10"1 2l*.l 21*. 6 0.279 0.275 1.63
9 .7 2  x 10® 1.1*9 x 10"1 26.5 26.7 0.246 0.242 1.64
9.15 x 10® 1.70 x 10" 1 20.2 27.9 0.2261 O.227 1.65
(a) All runs made to 3# conversion, (b) Calculated from eij. I l l  of re f , 4.
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TABLE 4-7
Source of Chain Ends in  Che Polymerisation of Styrene In itia ted  by Benzoyl 
_______________ Peroxide a t 60°C Calculated from Computer Data
(1/PR) x 10s
[BzaPa] lO^p Termination CM CA„[AU]/tM] CXU ]/[H ] PRT Total
1 x 10"4 0 .4 l 4.90 O.69 6.23 0.1 0 11.9
1.25 x 10"4 0.46 5.1*0 O.69 6,20 0.1 0 12.1*
2.5 x 10“4 0.63 7.47 O.69 6.09 0.15 0 14.4
5 x 10”4 0.08 10.5 0.69 5.89 0.16 0 17.3
1 x 10"3 1.24 1U.9 O.69 5.66 0.61* 0.03 21.8
2.5 x iO"3 1.97 23.4 O.69 5.11 1.61 0.05 30.8
5 x IO"3 2.79 33.2 0.69 *♦•59 3.26 0.09 41.8
I x 10'* 5.95 1*7.0 0.69 3.96 6.57 0.19 58.4
2 x IO*2 5.59 66.6 O.69 3.27 13.2 0.40 04.1
4 x IO"2 7.93 9**.0 O.69 2.60 26.5 0.82 124.6
8 x 10"2 11.2 132.0 O.69 2.03 53.0 1.72 190.4
1 x 10"A 12.5 148.5 0.69 1.07 66.3 2.2 219.5
1.6 x 10*1 15.8 187.6 O.69 1-5** 106.2 3.7 299.4








I I  I 
Benzoyl Peroxide 
in s t y r e n e  a t  6 0









Chain T r a n s f e r
^  ” ithAhK
10 12 14 16
[ B z 2 0 2 ] x IO2
F igu re 4 -2 . Source o f  Chain Ends in  th e  P o ly m er iza tio n  o f  S tyren e  
I n i t ia t e d  by B enzoyl P erox id e a t  60°C. I n s e r t  shows 
th e  so u r c es  o f  ch a in  ends fo r  ch a in  tr a n sfe r  w ith  AH 
and monomer on an expanded s c a le .
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TABLE 4-8
Source of Chain Ends In the Polymerization of Styrene In itia ted  
by AIBN a t 60°C Calculated from Computer Data
[AIBN]
(Ufu) x 10u
10=Rp Termination CM ca„[aii] / [ h] CX[1]/[H] PRT Total
1* X IO"8 O.W 5.32 0.69 6.16 0 0 12.2
1 X IO*4 0.73 8.19 O.69 5.27 0 0 Ilf .2
2 x IO"4 1.02 U .5 0.69 I* .70 0.11 0.09 17.1
1* x IO’4 1.1*1* 16.3 0.69 I*.08 0.16 0.12 21.1*
1.1 x IO"3 2.1*0 27.2 0.69 3.09 0.1*1* 0.35 31.8
1.33 x 10-3 2.65 29.8 0.69 2.86 0.52 0.1*1 3M
3.59 x 10"3 1*.36 1*8.9 0.69 2.02 1.1*1* 1.12 5'*.3
8.09 x IQ"3 6.53 73.<r 0.69 1.1*6 3 .21* 2.50 er.i*
1.23 x 10‘2 8.01 90.0 0.69 1.20 fc.9 3.8 101.1
1.1*1* x IO-2 8.66 97.7 0.69 1.10 5.8 l*.6 109.7
2.25 x IO"2 10.8 121.3 0.69 0.95 9.1 7.1 139.1
3.2h x 10"2 12.9 11*5.0 O.69 0.8 13.1 10.3 169.8
5.76 X 10"2 17.0 191.1 0.69 0.6 23.3 18.1* 231*. 1
0.55 X 10"2 20.5 230.2 O.69 0.5 3**.6 27.1* 293.3
1.20 x IO"1 2>*.l 270.0 0.69 0 .1* 1*8 .1* 3 8 .6 358.5
1.49 x 10 "1 26.5 298.9 O.69 0.1* 60.5 1*8.1 1*07.0
1.70 x 10"1 28.2 317.5 0.69 0.3 69.0 55.0 1*1*1.9
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4 0 0 AI BN in s t y r e n e  
a t  6 0 °
P R T
3 0 0
-Term ina t ion
200
100
w i t h  AIBN
C h a i n  T r a n s f e r
w i t h
w ith  AH monomer
Chain T r a n s f e r
w i th  AH
[a i b n ] x IO2
F ig u r e  4 - 3 .  S o u rce  o f  C hain  Ends I n  th e  P o ly m e r iz a t io n  o f  S ty re n e  
I n i t i a t e d  by AIBN a t  60°C. I n s e r t  shows th e  s o u rc e s  
o f  c h a in  ends f o r  c h a in  t r a n s f e r  w i th  AH and monomer 
on an  expanded s c a l e .
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I l l
o r i g i n a l l y  p u b l i s h e d  by Mayo, G regg, and M atheson (F ig u r e  7 o f  
r e f .  4 ) . ]  T ab le  4 -8  and F ig u re  4 - 3  g iv e  th e  same d a t a  f o r  th e  AIBN- 
i n i t l a t e d  p o l y m e r iz a t i o n .
T a b le s  4-7  and 4 -8  and F i g u r e s  4 - 2  and 4 - 3  a r e  i n  ag reem en t  
w i th  t h e  p u b l is h e d  d a t a  e x c e p t  f o r  t h e  f r a c t i o n  o f  c h a in  ends a t t r i b u ­
te d  to  c h a in  t r a n s f e r  to  monomer and to  AH. In  t h e s e  c a s e s  we b e ­
l i e v e  th e  com puter d a t a  a r e  c o r r e c t .  I n  o u r  d i s c u s s i o n  o f  th e  a s s i g n ­
ment o f  r a t e  c o n s t a n t s  to  th e  th e rm a l  s t e p ,  we a t t r i b u t e d  th e  o b se rv e d  
amount o f  t r a n s f e r  to  t h e  sum o f  t r a n s f e r  by monomer and AH (eq 4 - 5 ) .  
Our d a t a  a g r e e  w i th  th e  e x p e r im e n ta l  r e s u l t s  w hich  have  p o ly m e r iz a t io n  
t im es  g r e a t e r  th a n  10 h o u r s ,  t h e  amount o f  t im e  needed  f o r  AH to  r e a c h  
a s t e a d y  s t a t e  c o n c e n t r a t i o n  (T a b le  4 - 3 ) .  The i n i t i a t e d  p o ly m e r iz a ­
t i o n s  w hich  ru n  l e s s  th a n  10 h o u rs  sh o u ld  show a d e c r e a s e  i n  th e  con­
t r i b u t i o n  o f  t r a n s f e r  w i th  AH to  th e  c h a in  end fo rm in g  p r o c e s s e s .
T h is  d e c r e a s e  in  h a s  n o t  been  p r e v i o u s ly  o b se rv e d  s in c e  t h e  method 
used  by Mayo^ f o r  d e te r m in in g  th e  monomer c h a in  t r a n s f e r  c o n s t a n t  i s  
s e n s i t i v e  o n ly  a t  low i n i t i a t o r  c o n c e n t r a t i o n s  w here  r u n  t im e s  m ust 
be g r e a t e r  th a n  10 h o u r s .
There  has  been  some c o n fu s io n  i n  th e  l i t e r a t u r e  o v e r  th e  s e n s i ­
t i v i t y  o f  a p l o t  o f  v s .  Rp (eq 4 -8 )  to  t r a n s f e r  w i th  AIBN and
benzoy l  p e r o x id e .  A cco rd ing  to  T o b o l s k y , ^ ' ^ 3 such  a p l o t  a p p e a r s  to  
be s i m i l a r  f o r  b o th  b e n z o y l  p e ro x id e  and AIBN and shows no c u r v a t u r e ;
from t h e s e  r e s u l t s ,  he c o n c lu d e s  t h a t  n e i t h e r  i n i t i a t o r  undergoes
3bt r a n s f e r .  Manabe, U tsum i,  and Okamura show t h a t  a t  h ig h e r  AIBN 
c o n c e n t r a t i o n s  t h i s  p l o t  does show c u r v a t u r e  w hich  th e y  a t t r i b u t e ,  to  
p r im ary  r a d i c a l  t e r m i n a t i o n .  However, s i m i l a r  p l o t s  o f  o u r  d a t a  f o r
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b o th  ben zo y l  p e ro x id e  ( F ig u r e s  4 -4  and 4 -5 )  and AIBN ( F ig u r e s  4 -6  and 
4 -7 )  show c u r v a t u r e  a t  b o th  low and h ig h  i n i t i a t o r  c o n c e n t r a t i o n s .  
S in c e  o u r  s tu d y  I n d i c a t e s  t h a t  p r im a ry  r a d i c a l  t e r m i n a t i o n  i s  unimpor­
t a n t  i n  th e  b e nzoy l  p e r o x i d e - i n i t i a t e d  p o ly m e r i z a t i o n ,  th e  c u r v a t u r e  
a t  h ig h  i n i t i a t o r  c o n c e n t r a t i o n s  may r e s u l t  from c h a in  t r a n s f e r  to  
I n i t i a t o r  o n ly .  T h is  r e s u l t  I m p l ie s  t h a t  a s i m i l a r  c u r v a t u r e  f o r
AIBN c o u ld  r e s u l t  from  b o th  c h a in  t r a n s f e r  to  i n i t i a t o r  and p r im a ry
3ar a d i c a l  t e r m in a t i o n  a s  P ry o r  and F l s k e  have s u g g e s t e d .  At th e  low 
i n i t i a t o r  c o n c e n t r a t i o n s ,  th e  c u r v a t u r e  i s  p ro b a b ly  due to  t r a n s f e r  
w i th  AH.
We a c co m p lish e d  o u r  o r i g i n a l  aim o f  a s s i g n i n g  p l a u s i b l e  
v a lu e s  to  an(* We r e a s s ig n e d  a  more r e a s o n a b le
v a lu e  to  k t r ^ , a n d  o u r  t r e a tm e n t  e x p la i n s  why th e  e x p e r im e n ta l l y  
m easured v a lu e  f o r  t h e  a p p a r e n t  monomer t r a n s f e r  c o n s t a n t  i s  un­
r e a s o n a b le .  Our s tu d y  alBO shows t h a t  t h e  d e g re e  o f  p o ly m e r iz a t io n  
changes  from  h ig h  v a l u e s  a t  low c o n v e r s io n s  to  low v a lu e s  a f t e r  1% 
c o n v e r s io n .  In  l i g h t  o f  more r e c e n t  d a t a  i n v o lv in g  o l ig o m e r  fo rm a­
t i o n ,  a s  d i s c u s s e d  i n  C h a p te r  3 , t h e  n u m e r ic a l  v a lu e  o f  krD^  more 
l i k e l y  r e f l e c t s  t h a t  o f  A -S ty  fo rm a t io n  a t  h ig h  monomer c o n c e n t r a ­
t i o n s .  We f e e l ,  how ever, t h a t  t h e  s e t  we d e te rm in e d  p r o v id e s  an  i n ­
t e r e s t i n g  c o n f i r m a t i o n  o f  th e  D i e l s  A ld e r  mechanism.
We a l s o  showed t h a t  PRT i s  an  im p o r ta n t  f o r c e  i n  d e te rm in in g  
l / pn f o r  i n i t i a t e d  p o ly m e r iz a t io n s  a t  h ig h  i n i t i a t o r  c o n c e n t r a t i o n s . 
U n t i l  t h i s  t im e t h i s  e v id e n c e  was o n ly  s p e c u l a t i o n .
D e s p i t e  a l l  t h e  work in v o lv in g  th e rm a l  p o ly m e r iz a t io n  t h a t  we 
have  p r e s e n te d  so f a r ,  one  c o n c lu s i v e  s e t  o f  d a t a  has  s t i l l  n o t  been








F ig u r e  4 - 4 .  The P o l y m e r i s a t i o n  o f  S ty re n e  I n i t i a t e d  by Benzoyl 
P e ro x id e  a t  60°C; 1 / F  v s .  Rp : c i r c l e s ,  ou r  d a t a ;
t r i a n g l e s ,  d a t a  o f  Tobolsky15
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F igu re  4 - 6 .  The P o ly m er iza tio n  o f  S tyren e I n i t ia t e d  by AIBN a t  60°C;
1 /V  v s .  R_: c i r c l e s  our d a ta ; sq u a res , d a ta  o fn
Tobolsky ; t r ia n g le s ,  data o f  Manabe, Utsuml and 
Okamura.
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F igu re  4 -7 . The P o ly m er iza tio n  o f  S tyren e I n i t ia t e d  by AIBN a t  
60°C; an expansion  o f  the low er p o r tio n  o f  
F igu re  4 -6 .
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shown— t h a t  an  AH can  and does  i n i t i a t e  th e  p o ly m e r iz a t io n  o f  s t y r e n e .  
E x p e r im en ta l
REMECH was r u n  on a n  IBM 360 co m p u te r ,  A copy o f  REMECH on
21m ag n e t ic  ta p e  i s  a v a i l a b l e  from W. A, Benjam in; i t  i s  w r i t t e n  f o r  a 
CDC 6400 o r  IBM 7090 com pu te r .  Henry R. S t r e i f f e r ,  a programmer i n  
th e  LSU C hem is try  D e p a r tm en t ,  c o n v e r te d  th e  program  to  ru n  on  th e  IBM 
360 com pute r .
The th e rm a l  p o ly m e r iz a t io n  was ru n  u s in g  300 sec  i n t e r v a l s ;  
p o ly m e r iz a t io n s  i n i t i a t e d  by BZ2O2 and AIBN w ere ru n  u s in g  th e  even 
in c re m e n ts  method i n  REMECH w i th  0.5% c o n v e r s io n  In c r e m e n ts ,  We used  
a  s t y r e n e  c o n c e n t r a t i o n  o f  8.6M.
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APPENDIX 4A*
When a c h em ica l  r e a c t i o n  In  a gas  phase  p ro ce e d s  to  a s t a t e  
o f  dynamic e q u i l i b r i u m ,  t h a t  s t a t e  I s  d e s c r ib e d  c o m p le te ly  by th e  
s p e c i f i c a t i o n  o f  t e m p e ra tu re  ( T ) ,  p r e s s u r e  ( P ) ,  and ch e m ica l  c o m p o s i t io n .  
From P and th e  c h e m ica l  c o m p o s i t io n ,  we can c a l c u l a t e  th e  e q u i l i b r i u m
p r o c e s s  o f  t r a n s fo r m in g  r e a c t a n t s  t o  p r o d u c t s  a t  t e m p e ra tu re  T, and 
assum ing a l l  s p e c i e s  behave  as  i d e a l  g a s e s .
I f  th e  s t o i c h io m e t r y  o f  th e  r e a c t i o n  above i s
where th e  c o n c e n t r a t i o n s  o f  each  s p e c i e s  i s  e x p re s s e d  i n  u n i t s  o f  
a tm ospheres  and th e  q u a n t i t y  AG^(R) r e p r e s e n t s  t h e  s t a n d a r d  Gibbs f r e e  
e n e r g i e s  o f  fo rm a t io n  o f  1 mole o f  R a t  th e  te m p e ra tu re  (T) and p r e s s u r e  (P) 
o f  1 a tm osphe re  from th e  e le m en ts  i n  t h e i r  s t a n d a r d  s t a t e s  a t  T and 1 
atm p r e s s u r e .
* E x c e rp te d  i n  p a r t  from S. W. B en so n 's  book on "Therm ochem ical 
K i n e t i c s , "  r e f .  6a .
c o n s t a n t  (Kp) and th e  s t a n d a r d  Gibbs f r e e  e n e rg y  change ( Ag ,̂0 ) f o r  th e




AG° » -RT On K
P
(A?)
AG° -  r  Ag° ^ R )  +  qAG°T(Q)-aAG°T(A)-bAG°T(B) (AA)
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The u n i t s  o f  Kp th en  a r e  (n tm )^ n where
An = r+ q - (a + b )  (A^)
i s  th e  mole change i n  th e  r e a c t i o n .  By d e f i n i t i o n
AG° = AH£ - TASj (AC)
where AH°, th e  s ta n d a r d  e n th a lp y  change f o r  th e  r e a c t i o n ,  i s  r e l a t e d  
to  th e  s t a n d a r d  h e a t s  o f  fo rm a t io n  (AH°X) by
AH° = rAH°x (R) +  qAH°T(Q)-aAH°T(A)-bAH°T (B) (AT)
and AS°, th e  s ta n d a r d  e n t ro p y  change i n  th e  r e a c t i o n ,  i s  r e l a t e d  to  the  
s t a n d a r d  a b s o lu t e  e n t r o p i e s  (S ° )  o f  th e  s p e c i e s  by
AS° = rS°(R ) +  q S ° ( Q ) -a s J (A ) -b s J (B  (Aft;
Knowing th e  s t a n d a r d  e n t r o p i e s  and th e  s t a n d a r d  h e a t s  o f  f o rm a t io n  o f  
a l l  t h e  r e a c t a n t s  and p r o d u c t s  a t  th e  t e m p e ra tu re  T, we can f i r s t  c a l ­
c u l a t e  AH° and AS° f o r  t h e  r e a c t i o n .  Then from t h e s e  v a lu e s  we can 
c a l c u l a t e  th e  e q u i l i b r i u m  c o n s t a n t .
E n t r o p ie s  and  h e a t s  o f  fo rm a t io n  th u s  form  our  b a s i c  therm o­
c h em ica l  d a t a .  T h e i r  v a r i a t i o n  w i th  t e m p e ra tu re  i s  g iv e n  by th e  
thermodynamic r e l a t i o n s
6(AH?) 6(ASJ) AC°
' - s r - > P '  i c p <A9)
w here AC° i s  t h e  change  i n  s t a n d a r d  m o la r  h e a t  c a p a c i t y  f o r  th e  r e a c -  
P
t i o n  and i s  g iv e n  by
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AC° = rG°(R) -I- qC °(Q )-aC °(A )-bC °(B ) (A10)
P P P P P
where C°(R ), e t c .  a re  th e  s ta n d a r d  m o la r  h e a t  c a p a c i t i e s  o f  th e  r e a c t a n t s  
P
and p r o d u c ts  which a r e  f u n c t i o n s  o f  t e m p e ra tu re  b u t  n o t  o f  p r e s s u r e  f o r  
i d e a l  g a s e s .
I n  o r d e r  to  c a l c u l a t e  AĤ I and AS°, g iv e n  the  v a lu e s  o f  Ah°  and 
AS° , we need  to  know th e  f u n c t i o n a l  dependence o f  AC° on te m p e ra tu re  
o v e r  th e  ran g e  from T to  T0 . I n t e g r a t i o n  o f  A 9 g iv e s  th e  r e l a t i o n s
AH° = AH° + f (AC°)dT
j. w m D




J t < ^ (A12)
A lthough  v a lu e s  o f  C° f o r  i n d i v i d u a l  s p e c i e s  may be l a r g e  and may
P
change g r o s s l y  o v e r  t e m p e ra tu re  i n t e r v a l s  o f  500°K» AC° f o r  r e a c t i o n s
te n d  to  be v e ry  sm a l l  and change v e ry  l i t t l e  o v e r  such i n t e r v a l s .  Because 
o f  t h i s ,  i t  i s  p o s s i b l e  w i th  l i t t l e  e r r o r  to  ta k e  an a v e ra g e  v a lu e  
o v e r  t h e  i n t e r v a l  (T-To) and red u c e  eqs A l l  and A12 to
Ah2 = Ah£ +  AC0 (T-T0 ) (A13)
1 i o P i
AS$ = A S ^  + AC.°t  &n ( | ^ )  (A lb )
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S in c e  th e s e  r e l a t i o n s h i p s  a r e  f o r  s t a n d a r d  s t a t e s  o f  1 a tm osphere  
and i d e a l  gas  and th e  th e rm a l  D i e l s  A ld e r  d i m e r i z a t i o n  i s  run  in  n e a t  
s t y r e n e ,  we have to  c o n v e r t  them to  s ta n d a r d  s t a t e s  e x p re s s e d  i n  co n ­
c e n t r a t i o n  u n i t s  ( g e n e r a l l y  1 m o l e / l i t e r ) .
The r e l a t i o n  between e q u i l i b r i u m  c o n s t a n t s  i s  e x p re s s e d  as
Kp = Kc (RT)An (A15)
w ith  K i n  p r e s s u r e  u n i t s  and K i n  c o n c e n t r a t i o n  u n i t s .  The r e l a t i o n  
P c
g iv en  i n  eq A15 comes from th e  i d e a l  gas  law which r e l a t e s  p r e s s u r e  
(P )  and c o n c e n t r a t i o n  (c )
P = cRT (A l6 )
For r e a c t i o n s  i n  which th e  mole change in  n o t  z e ro  (An^O), t h i s  t r a n s ­
fo rm a t io n  in t r o d u c e s  a d d i t i o n a l  c o r r e c t i o n s  i n t o  th e  e f f e c t i v e  h e a t  o f  
r e a c t i o n  and e n t ro p y  change.
By d e f i n i t i o n ,  th e  h e a t  o f  r e a c t i o n  ( AHp) i s  g iv en  by eq A17:
Ah0 = RT2 ') (A17)p ' oT 'eq
and from eq A15, t h i s  becomes
AH0 = RT2 ( ^ f H  + AnRT = AH0 + An RT (A18)p oT eq c
Thtis f o r  an i n c r e a s e  i n  m oles (An > 0 ) ,  th e n  Ali° >  Ah0 , w hereas  the
P  c
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converse  I s  t r u e  f o r  An < 0 . The s o l u t i o n  f o r  AS° u s in g  A6 , A15 and A17c
g iv e s
AH°
AS° -  R 0 n K c + - ^ £  (A19)
AH0
AS0 = R & iK  - An R &<RT) +  - RAn (A20)
AS° -  AS° -  RAn - An R £n (RT) (A 2l)
W ith t h e s e  e q u a t io n s  one  c a n  now c a l c u l a t e  th e  e q u i l i b r i u m  c o n s t a n t  f o r  
th e  fo rm a t io n  o f  AH by D i e l s  A ld e r  d i m e r i z a t i o n  o f  s ty r e n e  (eq  A 2 2 ) .
2CHa -  CH AH (A22)
Ph rDA 
(M) Ph
w here  Kc -  ^  ^  (A2j5)
Fo r  t h i s  r e a c t i o n ,
AHp “  ^HfT(AH)-2AH°T(M), (A2k)
ASp = S°(AH)-2S°(M ), (A25)
and An ■ - 1 ,  
From eqs  A21 and A18,
and
AH0 = AH° +  RT (A26)c p
AS° = As° +  R +  R Qm. (RT) (27)
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The method we have used  t o  c a l c u l a t e  app rox im ate  v a lu e s  o f  AH0 and AS°
P P
i s  th e  a d d i t i v i t y  r u l e s  f o r  m o le c u la r  p r o p e r t i e s  d ev e lo p ed  by S idney  
A. Benson. I t  has  been  known f o r  some t im e t h a t  m ost m o le c u la r  p r o p e r ­
t i e s  o f  l a r g e r  m o le c u le s  can be c o n s id e r e d  r o u g h ly ,  a s  b e in g  made up 
o f  a d d i t i v e  c o n t r i b u t i o n s  from th e  i n d i v i d u a l  atoms o r  bonds i n  th e  
m o le c u le .  Benson th e n  f u r t h e r  r e a s o n e d  t h a t  i f  t h i s  were t r u e ,  th en  
one co u ld  t r e a t  th e  m o le c u la r  p r o p e r t y  as  b e in g  composed o f  c o n t r i b u t i o n s
due to  groups where a g roup  i s  d e f in e d  as a p o l y v a l e n t  atom ( l ig a n c y
£ 2 ) in  a m o le c u le  t o g e t h e r  w ith  a l l  o f  i t s  l i g a n d s .  The n o m en c la tu re  
used  i s  t o  i d e n t i f y  f i r s t  th e  p o l y v a l e n t  atom and th en  i t s  l i g a n d s .  For 
example e th a n e  CH3 -CH3 h a s  two i d e n t i c a l  g roups  each  w ith  a ca rbon  
atom bound to  a c a rb o n  atom and t h r e e  H atoms i . e .  C - (C )(H )3. Thus 
f o r  any  r e a c t i o n ,  one  f i r s t  t a b u l a t e s  th e  g ro u p s  t h a t  make up th e  
p r o d u c t s  and th e  r e a c t a n t s .  Then u s in g  B e n s o n 's  c o l l e c t i o n  o f  th e  
c u r r e n t  v a lu e s  o f  each  g r o u p 's  c o n t r i b u t i o n  to  C ° ,  S° ,  and AH^, one
c a l c u l a t e s  AH°, AS° and C° u s in e  eqs  A7, A8 , A13, and A14. I t  i s  a l s o
P P P
im p o r ta n t  to a l lo w  f o r  r i n g  c o r r e c t i o n s  and s t e r i c  f a c t o r s ,  s i n c e  a s  
soon a s  s t r u c t u r a l  f e a t u r e s  a r e  In t r o d u c e d  in to  a m o le c u le ,  more d i s ­
t a n t  u n i t s  a r e  b ro u g h t  i n t o  p ro x im i ty  and d e p a r t u r e s  from a d d i t i v i t y  
law s o c c u r .  I n  o r d e r  to  a c c o u n t  f o r  t h i s  i n  h i s  a d d i t i v i t y  r u l e s ,
Benson t a b u l a t e d  c o r r e c t i o n  f a c t o r s  f o r  AH?, S°, and C°. T ab le  4-A1
f  P
i s  a l i s t  o f  th e  v a lu e s  f o r  th e  v a r i o u s  g ro u p s  i n  AH and s t y r e n e  f o r
AH ^gs* ^298 anc* *^p298 an<* Cp333 ^n c -*-u^ ^ n8 th e  c o r r e c t i o n  f a c t o r s  f o r  
th e  t e t r a h y d r o n a p h th a l e n e  r i n g .  U sing  eqs  A7, A8 , A10, A13 and A14, 
we found A H ^ ^  to  e q u a l  - 6 . 1  k c a l /m o le  w h i le  AS°^33  e q u a ls  - 5 0 .6
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G ibbs /m o le  w h i l e  C° 2g8 and  C° 333 w ere  found to  be  n e g l i g i b l e .  Use o f  
t h e s e  v a lu e s  In  eqs  A26 and A27 g iv e s
^ 0 3 3 3  “  ^ 3 3 3  +  R T ( ^ 8 )
AXc333= “ 8*1 + 0,7K ■ - 5 .4  ( k c a l /m o le )  (A29)
w h i le
AS?333 = ASp333 + R + R 071 (RT) (A30)
ASc333 = ' 5 0 *6 + 2 +  6 ‘6 ( A3 D
A S ° ^ ^  = - 4 2 .0  (G ibbs/m ole )  (A32)
The e q u i l i b r i u m  c o n s t a n t  i s  now c a l c u l a t e d  from  eqs A6 and A3 
to  g iv e :
XcDA = 1O""(AGc333/ 0 )  (A33)
where 0 = 2 .3  RT (A34)
and * » AH° _ -  T AS° (A35)
c 333 c 3 3 3  c 333
Thus AG°3 3 3 = - 5 . 4  +  14 = 8 . 6  k c a l/m o le  (A36)
and from eq A33
KcDA = 10‘ 5 ' 5 <A37>
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TABLE 4-A1 
Group C o n t r ib u t io n s  to  S ty re n e  and AH
Groups
^ f a s a
s °
2 9 8  . . .
C
P 2 8 B
c
P 3 3 3
Two S ty re n e  U n i t s
2 -C D -taa ) 1 2 . 5 2 55*22 1 0 . 2 0 1 1 . 0 k
2-Cd-(HCb ) 13.56 1 2 . 7 6 8 . 9 2 9 . 8 0
2-Cb - (C d ) 1 1 . 3 6 -  1 5 . 6 0 7 - 1 8 7 . k k
i o - cb - ( h ) 33.00 115.30 3 2 . k o 3 6 . k o
One AH U n i t
c - ( c 2 cbh) -  O . 9 8 -  12.15 k . 8 8 5 - k 7
c - ( h 2 c2 ) -  k .95 9 A 2 5.50 5.98
C-CHaCoC) -  k . 7 6 9 . 8 0 5 . 1 2 5 .70
2-Gd-(HC) 1 7 . 1 8 15. 9^ 8 . 3 2 8 . 9 0
2-Cd - ( hcd) 2 0 . 3 k 19. 1k 1 3 . 3 8 l k  . 7 0
C-(HCDCnC) -  I . k 8 - 11.69 k .  1 6 k . 7 k
cd- ( ccd) 8 . 8 8 - I k .  6 0 k . k o k . 7 2
Cb - ( c ) 5.51 - 7 .6 9 2 . 6 7 2 . 8 3
5 - cb - ( h ) 1 6 . 5 0 57.65 1 6 . 2 0 1 8 . 2 0
Ring C o r r e c t io n s
Cyclohexene 1 . Ji­ 21.5 -  k . 2 8 -  3.87
1 , 3 - Cyclohexad i  ene l t . 8 2 5 . 0 l i  . 0 0 3 . 6 0
Fused r i n g 3 2 . 0 5 .0 -  1 . 0 0 -  0 . 7 5
a )  E s t im a te d  from o t h e r  g roup  c o n t r i b u t i o n s  l i s t e d  i n  B e n so n 's  
book.
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APPENDIX 4B
The m o le c u la r  w e ig h t  d i s t r i b u t i o n  f o r  a  f r e e  r a d i c a l  p o ly m e r i ­
z a t i o n  i s  c a l c u l a t e d  a c c o r d in g  to  th e  fo l lo w in g  e q u a t i o n  d ev e lo p ed  by 
O l iv e  and O l i v e : ^
mmd -  = ?  -  3-t -2y ~ y -. ( b i )
p„ 2
where y i s  d e f i n e d  a s  t h e  w e ig h t  f r a c t i o n  o f  th e  polymer c h a in s  n o t  
formed by t e r m in a t i o n  by c o m b in a t io n  (PC-TC). T h e r e f o r e  i t  i n c lu d e s  
th o s e  polymer c h a in s  formed by a l l  th e  c h a in  t r a n s f e r  s t e p s  (PC-CT) and 
by p r im a ry  r a d i c a l  t e r m in a t i o n  (PC-PRT). S in c e  th e  w e ig h t  o f  t h e s e  
polymer c h a in s  i s  h a l f  t h a t  o f  th e  polym er c h a in s  formed by t e r m in a t i o n  
by c o m b in a t io n ,  th e  v a lu e  o f  y can  be c a l c u l a t e d  u s in g  eq B2:
v = (PC-CT+PC-PRT)/2
y (PC-CT-PC-PRT/2+PC-TC K J
S in c e  th e  t a b u l a t i o n  from  th e  com puter p r i n t - o u t  o f  th e  amount o f  
r e a c t i o n  t h a t  h as  o c c u r r e d  i n  each  polymer c h a in  fo rm ing  s t e p  
(T ab le  4 -2 )  c o r r e s p o n d s  to  th e  amount o f  po lym er c h a in s  formed 
(Polym er-T) i n  ou r  sy s te m , th e n  i t  i s  e a sy  t o  c a l c u l a t e  y .  For 
exam ple, s t e p s  E9, E10, E l l  and E13 o f  Scheme 4-2  a r e  th e  polymer 
c h a in  fo rm ing  s t e p s  due t o  c h a in  t r a n s f e r  and PRT w h i le  s t e p  E12 i s  
th e  polym er c h a in  fo rm ing  s t e p  due to  t e r m in a t i o n  by c o m b in a t io n .  At 
th e  end o f  th e  p o ly m e r iz a t io n  i n i t i a t e d  by lx lO ~ l‘M BZ2O2 a t  
1 .6555x10s se c  (T ab le  4 - 2 ,  l a s t  row) th e  t o t a l  amount o f  polymer 
c h a in s  formed by c h a in  t r a n s f e r  and PRT (Columns E9, E10, E l l  and E13) 
e q u a ls  ( 4 .2 9 x l0 - 5 ) + ( 0 .4 7 x l 0 " s ) + 0 .0 3 9 x l0 - s ) + (0 .0 0 1 x 1 0 " 5) . The
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t o t a l  amount o f  po lym er c h a in s  due to  t e r m in a t i o n  by c o m b in a t io n  
(Column E12) e q u a ls  3 .39x10“ 5. Thus y a c c o r d in g  to  eq B2 e q u a ls
i“ 54.80x10 '
_____________ 2______________ 2 .4 0  n
y '  + 3 .3 9 x 10- s '  S - 79 ~ ‘ ’
A pply ing  t h i s  v a lu e  f o r  y to  eq B1 g iv e s
=?■ -  1 .5  + 0 .4 1  -  -  1 .9 1  -  0 .0 8  -  1 .8 3  (B4)
P ^n
T h is  i s  th e  v a lu e  r e p o r t e d  i n  T ab le  4-5 i n  th e  f i r s t  row, l a s t
column.
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CHAPTER 5
SEARCH FOR AN AH
Almost 15 y e a r s  ago , Mayo suggested"^ the  te r m o le c u ln r  mechanism
f o r  th e  th e rm a l  I n i t i a t i o n  o f  s t y r e n e  which i s  now a c c e p te d ;  in t h i s
mechanism AH i s  formed by a D ie l s  A ld e r  d i m e r i z a t i o n  and i n i t i a t e s
th e  p o ly m e r iz a t io n  o f  s t y r e n e  by a MIH r e a c t i o n .  S in c e  th e n ,  no one
has been  a b l e  to  i s o l a t e  AH o r  any a n a lo g o u s  a d d u c t  in  any amount
to  d e te rm in e  i f  i t  can  i n i t i a t e  th e  p o ly m e r iz a t io n  of s t y r e n e .  While
co m p le tin g  ou r  com puter s im u l a t io n  s tu d y  o f  th e rm a l  p o l y m e r iz a t io n ,
we became aware o f  th e  l a r g e  number o f  r e a r r a n g e d  and a ro m a t iz e d  D i e l s
A ld e r  d im ers  formed betw een s t y r e n e s  o r  o t h e r  v i n y l  a ro m a t ic s  and
2
numerous d l e n o p h l l e s  (T ab le  5-1)  . High y i e l d s  o f  th e  r e a r r a n g e d  
dim er a r e  formed i n  many o f  t h e s e  r e a c t i o n s ;  i n  c o m p ar iso n ,  o n ly  low 
y i e l d s  o f  d im er a r e  formed i n  h e a te d  s t y r e n e .  These f i n d i n g s  s u g g e s t  
t h a t  a more r e a c t i v e  d i e n o p h i l e  and d i e n e  th an  s ty r e n e  i s  needed in  
o r d e r  to  s y n t h e s i z e ,  i s o l a t e ,  and s tu d y  AH.
In  ou r  f i r s t  a t t e m p t  to  I s o l a t e  an  AH a d d u c t ,  we a llow ed  1 ,2 -  
m e th y le n e d io x y -4 -p ro p e n y lbenzene ( i s o s a f r o l e )  to  r e a c t  w i th  maleic. 
a n h y d r id e  (MA). T h is  r e a c t i o n  g iv e s  v e ry  h ig h  y i e l d s  of r e a r -
3
ranged  dim er (eq 5- 1 ) ; h o w e v e r , we th o u g h t  i t  p o s s i b l e  t h a t  the 
o r i g i n a l  a u th o r s  had i n a d v e r t e n t l y  caused  th e  r e a r ra n g e m e n t  o f  the 
u n a ro m a tized  a d d u c t  d u r in g  th e  p u r i f i c a t i o n  s t e p s ,  and t h a t  we m ight 
be a b le  to  p r e v e n t  t h e  r e a r ra n g e m e n t .
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L i s t  o f  V arious V inyl Axomatics and D ienoph iles T hat Form D ie ls  A lder Adducts
D iene D ienoph ile( Moles , Mole d iene S o lv en t




A nethole M aleic A n h y d rid e (l) D i s t i l l e d 10.5
A nethole 11 (2 ) Toluene R e flu x -12 h rs --------------
I s o s a f ro le II ( 0 . 8 7 ) W ater B a th -3 h rs . 25
I s o s a f ro le «! (1 -3 ) Xylene R eflu x -Jh rs 40-50
I s o s a f r o le I I (0 .8 3 ) W ater Bath-24 h r s 34
Isoengeno l m e th y le th e r 19 (1 .4 ) Xylene R eflu x -5 h rs . 80
Iso en g en o l m e th y le th e r I I (O .8 9 ) W ater b a th -3  h r s . 40
c is - Iso e n g e n o l e th y le th e r 11 (1 .2 5 ) Xylene R eflux-5  h rs 40-50
2 ,3 -D im ethoxy-l-p ropeny l benzene II (1 .1 )
91 R eflux-5  h r s . 4
1-V iny lnap thalene 11 (1) II 100°2min; RT-3 days 32
1-V inylnapthalene 11 (1 .2 ) Dry Toluene 92° - 3h r . —
1-V iny lnap thalene • 1 (1 -1 ) Dry Xylene lC0°-3 h r . —
2-V iny ln ap th a len e • I ( 1 . 05 ) Xylene 100°-10 min; RT- 7 days 6
1-P ropeny lnaph thalene I t ( 4 .3 ' 100°-5 h r s . 7-75
l-V inyl-6-m ethoxynaphthalene I t (1 .1 ) Xylene 100°-15 min 30
1-Viny1-6-m ethoxynaphthalene I I (2 .1 ) A c e tic  a c id R eflu x -2 .5  h r s . —
9-V inylphenanthrene I I (1 .3 ) Xylene R eflux-5  h r s . —
9-Propenylphenanthrene II (1 .1 ) Xylene R eflux-4  h r s . 10


















TABLE 5-1  (co n tin u ed )
Diene DienoPh i l e ( Molf J - n e ) S o lv en t R eac tion  Tem perature and Time
Y ie ld
*
2 -V inylth iophene " (1 .0 0 ) d ry  benzene R eflux -6  h r s . i*9
2 -V in y lth iphene " (1 .0 0 ) dry  benzene R eflux -1* h r s . 35
Isoengeno l D ie th y l M aleate (1) R eflux-L h r s . 25
Xsoengenol m e th y le th e r (1 ) R eflux -6  h r s . 50
c is - Iso e n g e n o l e th y le th e r (1 ) R eflu x -1* h r s . 20
I s o s a f ro le (1) R eflux -2  h r s . 69
1-V inylnaphthalene Fumaric Acid (5*3) P ro p io n ic  ac id R e flu x -110 h r s . 89
l-V iny l-6 -m ethoxynap thalene (1 .2 ) A ce tic  Acid R e flu x -18 h r s . 71
1 -V inylnaphthalene E th y l hydrogen (1 ) 
K a lea te
100°-15 h rs
S ty rene E th y la z o d ic a rb o -(2 )
x y la te
E th e r RT-12 100
a -  Pheny1s ty ren e (2) 70-80° 5 h rs 100
a-M ethoxystyrene M eth y lazo d icar- (2 ) 
b o x y la te
RX 50
S ty rene Benzyne (0 .2 0 ) THF 60° 87
S tyrene D icy an o ace ty len e l1/10) RT -  190 h r s . 70
a-M ethyls ty ren e D icy an o ace ty len e (1/10) RT - 21* h r s . 63
a-P h en y ls ty ren e D icy an o ace ty len e (1/10) RX -  137 h r s . 52
p -F lu o ro -a  m ethy Isty rene D icyanoacety lene( ) RI -  5 days I k
h , a -d im e th y Is ty ren e (1 /1 0 ) RX -  15 h r s . 61 132
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R earrangem ent and 




( 6 , 7-MMTDA)
In  s p i t e  o f  o u r  e f f o r t s ,  we c o u ld  n o t  I s o l a t e  any u n re a r ra n g e d  dimer 
b u t  o b ta in e d  o n ly  th e  r e a r r a n g e d  a ro m a t iz e d  a d d u c t  6 ,7 -m e th y le n e d io x y -
l i s h e d  by NMR ( F ig .  5-1 and T ab le  5 - 2 ) ;  i t  has  two s i n g l e t  
a ro m a t ic  p r o to n s  a t  6 .6 7  and 7 .03  ppm 6 , w hereas  th e  u n r e a r ra n g e d  
d im er would have  3 o l e f l n i c  p r o to n s  (1 s i n g l e t  and 2 m u l t i p l e t s ) . 
Mass s p e c t r a l  a n a l y s i s  o f  th e  p ro d u c t  shows a m o le c u la r  io n  a t  
260 m/e w i th  m ajor  io n s  o c c u r r in g  a t  188 m /e ,  due  to  th e  l o s s  o f  the  
CO2 and CO from th e  a n h y d r id e  g roup ;  a t  173 m /e ,  due to  th e  l o s s  o f  a 
m e th y l  g roup  from th e  188 m/e io n ;  and a t  115 m /e ,  an  io n  which we 
co u ld  n o t  i d e n t i f y .
A c a r e f u l  r e e x a m in a t io n  o f  th e  D i e l s  A ld e r  s t u d i e s  o f  
v a r i o u s  s ty r e n e s  r e v e a l s  t h a t  th e  e x p e r im e n ta l  c o n d i t i o n s  o f  h igh  
te m p e ra tu re s  and o f  long  r e a c t i o n  t im es  le a d  to  r e a r r a n g e m e n ts ,
3 - m e t h y l - l , 2 , 3 , 4 - t e t r a h y d r o n a p t h a l e n e - l , 2 - d i c a r b o x y l i c  a n h y d r id e  
( 6 , 7-MMTDA). The s t r u c t u r e  o f  t h i s  a ro m a t iz e d  p ro d u c t  was e s t a b -

















Sweep Time -  250 s e c  
Sweep W idth  -  500 cps  
Spectrum  Amp -  8 
S o lv e n t  -  d 6 A ce to n e  
C o n c e n t r a t i o n  -  * 20% 
I n t e r n a l  S ta n d a rd  -  TMS
(h  o r  g )  ( c )
( f )
(g o r  h)


















TABLE 5-2  
NMR S p e c t r a l  A ss ignm en t o f  
6 , 7 “Met:h y le n e d io x y -3 “M e t h y l - l , 2 , 3 , 4 - T e t r a h y d r o n a p th l e n e - l , 2 - D ic a r b o x y l i c  A nhydride
Peaks A B C D E F 6 H
Chemical S h i f t 3 ppm 6 1 .2 2 2 .3 0 2 . 614- 3 -78 A. 50 5-98 6 .6 7 7 -03
P a t t e r n d o u b le t d o u b l e t t r i p l e t m u l t i p l e t d o u b l e t s i n g l e t s i n g l e t s i n g l e t
A rea R a t io 3 1 2 1 1 2 1 1
A ssignm ent a b c d ( e ) e ( d ) f g (h ) h ( g )




























a r o m a t l z a t i o n s ,  and s i d e  r e a c t i o n s  which d e s t r o y  th e  i n i t i a l l y  term ed 
u n a ro m a tiz ed  AH ty p e  a d d u c t .  The d e s t r u c t i o n  o f  th e  AH ad d u c t  i s  due 
t o  th e  f a c t  t h a t  a s t y r e n e  type  d ie n e  forms an ad d u c t  which may 
undergo  a second D ie l s  A ld e r  r e a c t i o n  in v o lv in g  th e  e y e lo h e x a d ie n e  
r i n g  formed i n  th e  i n i t i a l  c o n d e n s a t io n  s t e p .  In  a d d i t i o n ,  an AH-type 
a d d u c t  p o s s e s s e s  a r e a c t i v e  b r id g e h e a d  p r o to n  which may undergo  an ene 
r e a c t i o n  e i t h e r  w i th  a n o th e r  s y t r e n e  o r  w i th  th e  d i e n o p h i l e  a c t i n g  as 
an e n o p h i l e  ( s e e  d i s c u s s i o n  in  C h a p te r  2 ) ;  th e  AH ad d u c t  may a l s o  
undergo  an MIH s t e p  l e a d i n g  to  p o l y m e r iz a t io n .  In  o r d e r  to  m inim ize 
t h i s  d e s t r u c t i o n  o f  th e  u n r e a r ra n g e d  AH a d d u c t ,  a low er te m p e ra tu re  
must be employed f o r  th e  D ie l s  A ld e r  r e a c t i o n .  That r e q u i r e s  a more 
r e a c t i v e  d i e n o p h i l e  th a n  s ty r e n e  and a more r e a c t i v e  d i e n e .  In  
a d d i t i o n ,  th e  d ie n e  sh o u ld  n o t  form th e  c y c lo h e x a d ie n e  s t r u c t u r e  a f t e r  
th e  i n i t i a l  D ie l s  A ld e r  a d d i t i o n .
A c c o rd in g ly ,  in  ou r  n e x t  a t t e m p t  to i s o l a t e  an  u n a rom a tized  
AH ty p e  a d d u c t ,  we a llo w ed  2 - v in y l f u r a n  (2-VF) to  r e a c t  w i th  m a le ic  
a n h y d r id e .  Pau l r e p o r t s ^ 3 t h a t  t h i s  D ie l s  A ld e r  r e a c t i o n  
o c c u rs  a t  room te m p e ra tu re  and g iv e s  h ig h  y i e l d s  o f  th e  u n a ro m a tized  
dim er 3 ,4 ,5 ,6 -T D A  (eq  5 - 2 ) ,
0
(5 -2 )
(2-VF) (MA) (3 ,4 ,5 ,6 -T D A )
R eproduced  with permission of the copyright owner. Further reproduction prohibited without permission.
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4fl 4bP au l  ’ con firm ed  by In d ep e n d e n t  s y n t h e s i s  t h a t  the  p ro d u c t  o f  the  
r e a c t i o n  i s  th e  u n re a r ra n g e d  a d d u c t  3 ,4 ,5 ,6 -T D A  and t h a t  h i s  p ro d u c t  
i s  n o t  t h e  D i e l s  A ld e r  p ro d u c t  formed by a d d i t i o n  a c r o s s  th e  2 and 5 
p o s i t i o n  o f  the  f u r a n  r i n g  a s  shown in  eq 5 -3 :
2-VF + MA (5 -3 )
nor th e  c y c lo b u ta n e  formed by 1 , 2 - a d d i t i o n  o f  MA to  th e  v i n y l  s id e  
c h a in  (eq 5 - 4 ) ,
0
2-VF + MA (5 -4 )
nor th e  a ro m a t iz e d  a d d u c t  o f  3 ,4 ,5 ,6 -T D A . We confirm ed  t h a t  we had
s y n th e s i z e d  th e  a d d u c t  3 ,4 ,5 ,6 -TD A  by NMR from th e  s p l i t t i n g  c o n s t a n t s
and I n t e g r a t i o n ,  and by mass s p e c t r a l  a n a l y s i s ;  we a l s o  r e a r r a n g e d
3 ,4 ,5 ,6 -TD A  to  th e  a ro m a t iz e d  d e r iv a t iv e ." *  The NMR o f  3 ,4 ,5 ,6-TD A
shows t h r e e  o l e f i n i c  p r o to n s  ( F ig .  5 -3  and T a b le  5 -3 )  a b s o rb in g  a t
6 .7  ppm 6 ( p ro to n  a ) ,  5 .6 3  ppm 6 ( p r o t o n b )  and 5 ,2 5  ppm 6 (p ro to n  c)
and one d i a l l y l i c  p r o to n  a b s o rb in g  a t  2 .3  ppm 6 ( p ro to n  d) hav ing  th e
fo l lo w in g  a p p ro x im a te  s p l i t t i n g  c o n s t a n t s :  “ 2 .5 ,  ^ = 2 .5 ,
J, , -  2 .5 ,  J  . = 3 .2 ,  J  >= 3 .2 ,  J  ,  -  1 . 2 ,  J  -  7 .5 .  We d idb ,d  ’ c ,d  ’ c , e  ’ c , f  c ,g
n o t  d e te rm in e  c o u p l in g  c o n s t a n t s  o f  p r o to n  d to  p r o to n s  e ,  f ,  and g .
The v a lu e s  o f  th e  s p l i t t i n g  c o n s t a n t s  J  , , J  , and J, , a r e  c o n s i s -v °  a , b  a , d  b ,d
t e n t  w i th  th e  r e p o r t e d  s p l i t t i n g  c o n s t a n t s  i n  2 ,3 - d ih y d r o th io p h e n e  o f
R eproduced  with permission of the copyright owner. Further reproduction prohibited without permission.
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»*a) op. P.




















































TABLE 5-3  
NMR S p e c t r a l  A ss ignm en t o f  
3 , L , 5 , 6-T e t r a h y d ro c o n m a ro n e -^ j5 ~ D ic a rb o x y l ic  A nhydride
P eak  D G E F C B A
Chem ical S h i f t 3 ppm 6 2 .3 0  2 .8 8  3 .6 7  t . 0 1  5-25  5-63  6 .7 0
d o u b le t
P a t t e r n  m u l t i p l e t  m u l t i p l e t  m u l t i p l e t  t r i p l e t  m u l t i p l e t  m u l t i p l e t  doub l e t
A rea  R a t io  1 I  2 1 1  1 1
A ssignm ent d g e f  c b a




J q ^ = 2 .4 3 ,  J a j  “ 2 .3 6  and ^ * 2 ,4 6 ,  The NMR a b s o r p t io n  p a t t e r n
and s p l i t t i n g  c o n s t a n t s  do n o t  a g r e e  w i th  th e  p roposed  7-oxab icyc.lo
( 2 , 2 , l ) h e p t - 5 - e n e - 2 , 3 - d i c a r b o x y l i c  a n h y d r id e  o f  eq 5-3  b ecau se  th e
a b s o r p t i o n  would show th e  t h r e e  o l e f l n l c  p r o to n s  o f  th e  s id e  c h a in  as
an  ABC p a t t e r n  and th e  two o l e f l n l c  p r o to n s  i n  th e  b i c y c l o  s t r u c t u r e
a s  two d o u b le t  p a t t e r n s  w i th  v e ry  sm a l l  s p l i t t i n g  c o n s t a n t s  o f  l e s s  
6bth a n  0 .5 .  The NMR p a t t e r n  i s  a l s o  i n c o n s i s t e n t  w i th  th e  c y c lo b u ta n e
d i c a r b o x y l i c  a n h y d r id e  o f  eq 5-4 b e c a u se  t h i s  compound sh o u ld  show 3
d o u b le t  d o u b l e t  f u r a n  a ro m a t ic  p r o to n s ,  a b s o rb in g  a round  7 ppm 6 w ith
7as p l i t t i n g  c o n s t a n t s  o f  1 . 8 ,  3 .5  and 0 .8 .
As shown by Bachmann,^ t r e a tm e n t  o f  3 ,4 ,5 ,6 -T D A  w i th  anhydrous  
HC1 i n  g l a c i a l  a c e t i c  a c id  c a u s e s  r e a r ra n g e m e n t  to  th e  a ro m a t iz e d  
a d d u c t  4 ,5 ,6 ,7 -T D A  (eq 5 - 5 ) .
anhy . HC1
•>
G l a c i a l  
A c e t i c  Acid
(3 ,4 ,5 ,6 -T D A ) (4 ,5 ,6 ,7 -T D A )
The NMR o f  4 ,5 ,6 ,7 -T D A  ( F ig .  5-4  and T a b le  5 -4 )  shows two f u r a n  a r o ­
m a t ic  p r o to n s  w i th  e x p e c te d  s p l i t t i n g  c o n s t a n t s  o f  Mass s p e c t r a l
a n a l y s i s  o f  3 ,4 ,5 ,6 -T D A  r e v e a l s  th e  e x p e c te d  m o le c u la r  io n  a t  192 m/e 
w i th  m ajor  io n s  a t  119 m /e a t t r i b u t a b l e  to  l o s s  o f  CO2 and CO from th e  
p a r e n t  compound and a t  94 m/e a t t r i b u t a b l e  to  a  r e t r o  D i e l s  A ld e r  
r e a c t i o n  o c c u r r in g  u n d e r  mass s p e c t r a l  c o n d i t i o n s  ( F ig .  5 - 5 ) .  The 
mass s p e c t r a l  a n a l y s i s  of 4 ,5 ,6 ,7 -T D A  shows a m o le c u la r  io n  a t  
192 m /e and one m a jo r  io n  o n ly  a t  119 ra/e due  to  l o s s  o f  CO2 and CO




















Sweep Time -  250 s e c  
Sweep W idth -  500 cps  
Spectrum  Amp -  8 
S o lv e n t  -  d 6 A ce tone  
C o n c e n t r a t i o n  -  ~ 5% 
I n t e r n a l  S ta n d a rd  -  TMS
T
6 5 PPM (5 ) 4 3 2


















TABLE 5-4  
NMR S p e c t r a l  A ss ignm en ts  o f  
4 >5 >6 , 7- T e trah y d ro co u m aro n e -14- ,5- D ic a r b o x y l i c  A nhydride
Peaks D E F C B
Chem ical S h i f t 3 ppm 6 I . 0 9  2 .2 0  2 .6 0  3 . 8O 6 .4 0
P a t t e r n  q u a r t e t  m u l t i p l e t  m u l t i p l e t  m u l t i p l e t  d o u b l e t
A rea  R a t io  1 2  2 1 1
A ssignm en t d e ( f )  f ( e )  c  b
a )  TMS i n t e r n a l  s t a n d a r d .
A
7 .4 0

































from th e  p a r e n t  compound, b u t  no Ion  a t t r i b u t a b l e  to 2-VF was found 
( F ig .  5 - 6 ) .  Both s p e c t r a  have an io n  a t  91 m/e a t t r i b u t a b l e  to a 
t ro p y l iu m  io n .
In  s e v e r a l  a t t e m p t s  to  p o ly m e r iz e  s t y r e n e  u s in g  th e  unaromn- 
t i z e d  a d d u c t  3 ,4 ,5 ,6 -T D A  f o r  ou r  AH ty p e  i n i t i a t o r ,  we o b ta in e d  o n ly  
a  s l i g h t  i n c r e a s e  i n  th e  th e rm a l  r a t e .  We co u ld  n o t  o b t a i n  h ig h e r  
r a t e s  b ecau se  o f  th e  low s o l u b i l i t y  o f  3 , 4 ,5,6-TDA i n  s t y r e n e .  How­
e v e r ,  th e  3 ,4 ,5 ,6 -T D A  does  behave  as  a  f r e e  r a d i c a l  i n i t i a t o r ,  s i n c e  
a  p l o t  o f  lo g  Rp v s .  log  [ I ]  has a  l e a s t  s q u a re s  c a l c u l a t e d  s lo p e  o f  
0 .4 5  w h i le  th e  p r e d i c t e d  s lo p e  i s  1 /2  (F ig .  5 - 7 ) .  In  o r d e r  to  i n ­
c r e a s e  t h e  s o l u b i l i t y  o f  t h i s  un a ro m a tiz ed  a d d u c t  in  s t y r e n e ,  we t r i e d  
to  e s t e r i f y  i t ,  b u t  w i th o u t  s u c c e s s .  Methods t r i e d  in c lu d e d  r e f l u x i n g  
i n  n e a t  m ethano l and i n  n e a t  e th a n o l  and r e f l u x i n g  in  m ethano l o r  in  
e th a n o l ,  c a t a ly z e d  w i th  s m a l l  amounts o f  g l a c i a l  a c e t i c  a c id .
In  a f u r t h e r  a t t e m p t  to  u se  2-VF a s  o u r  d i e n o p h i l e  and to  
g e n e r a t e  a  more s o l u b l e  MIH i n i t i a t o r ,  we a l lo w e d  t e t r a c y a n o e th y l e n e  
(TCNE) to  r e a c t  w i th  2-VF. The TONE d id  r e a c t  c o m p le te ly  w i th  2-VF a t  





(2-VF) (TCNE) (3 ,6-D T)
The p ro d u c t  was i d e n t i f i e d  a s  th e  u n a ro m a tiz ed  d im er 3 ,6 - d ih y d r o -  
4 ,4 ,5 ,5 - t e t r a c y a n o c o u m a r o n e  (3,6-DT) by NMR ( F ig .  5 -8  and T ab le  5-5)  
b e c a u se  i t  has  t h r e e  o l e f i n i c  p r o to n s  w i th  a b s o r p t i o n  p a t t e r n s

















































































































Sweep Time -  250 s e c  
Sweep W idth -  500 cps  
Spec t r i m  Amp -  10 
S o lv e n t  -  d 6 A ce tone  
C o n c e n t r a t i o n  -  -  10% 
























P e a k s
C h e m i c a l  S h i f t  ppm  6 
P a t t e r n  
A r e a  R a t i o  
A s s i g n m e n t
a )  TMS i n t e r n a l  s t a n d a r d .
TABLE 5-5  
NMR S p e c t r a l  A ss ignm en ts  o f  
3 , 6 -Dihydro-tj- , h , 5 , 5- T etracyanocoum arone
E D C B A
3 .7 6  and 3 .6 0  k .8 3  5 .5 8  5 .8 0  7 . I 5
ABXY m u l t i p l e t  m u l t i p l e t
2 1 1  1 1  
e and e '  b c b a
d o u b l e t




s i m i l a r  to  t h o s e  I n  3 ,4 ,5 ,6 -TDA a b s o r b i n g  a t  7 .15  ppm 6 ( p r o t o n  a ) ,  
a t  5 .8  ppm 6 ( p r o t o n  b)  and 5 .58  ppm 6 ( p r o t o n  c ) ,  one d i a l l y l i c  p r o to n  
a b s o r b i n g  a t  4 .8 3  ppm 6 ( p r o t o n  d ) ,  and two n o n e q u i v a l e n t  a l l y l l c  p r o ­
to n s  ( p r o t o n s  e and e ' )  which form an ABXY p a t t e r n  o f  12 l i n e s  w i th
c a l c u l a t e d ' 7'5 a b s o r p t i o n s  a t  3 .76  ppm 6 and 3 . 6 0  ppm 6 ,  The s p l i t t i n g
c o n s t a n t s  f o r  t h e s e  p r o t o n s  a r e  J , = 2 . 4 ,  J  , = 2 . 4 ,  J  < 1 ,a , b  ’ a , d  * a , c  ’
J b , d  "  2 *4 ’ J b , c < 1 * J c , d  "  3 ‘ 2 ’ J c , e '  "  4 *0 ’ J c , e  = 4 *°» and J d , c  o r
J ,  , e i t h e r  3 .7  o r  4 . 0 .  These s p l i t t i n g  c o n s t a n t s  f o r  J  , , J  , and d , e  r  °  a , b ’ a , d
^ a r e  o n l y  c o n s i s t e n t  w i t h  t h e  2 , 3 - d i h y d r o f u r a n  r i n g  whose s p l i t t i n g  
c o n s t a n t s  a r e  2 . 4 3 ,  2 .3 6  and 2 . 4 6 . ^ a I f  TCNE had r e a c t e d  w i t h  2-VF by 
a 1 , 2 - a d d i t i o n  to  form a t e t r a c y a n o c y c l o b u t a n e  a d d u c t ,  t h e  NMR would 
have shown t h r e e  f u r a n  a r o m a t i c  p r o t o n  a b s o r p t i o n s  a round 7 ppm 6 
w i t h  s p l i t t i n g  c o n s t a n t s  o f  a p p r o x i m a t e l y  1 . 8 ,  3 . 5  and 0 . 8 ^ a and 
t h r e e  c y c l o b u t a n e  p r o t o n s  w i t h  an  ABX s p l i t t i n g  p a t t e r n  a b s o r b i n g  a t  
3 . 6  ppm 6 (4 l i n e s )  and 3 .4  ppm 6 (4 l i n e s )  and 4 .8 5  ppm 6 (4 l i n e s )
Q
w i t h  s p l i t t i n g  c o n s t a n t s  o f  a p p r o x i m a t e l y  13,  9 . 5  and 1 1 , 5 .  The 
mass spec t rum  o f  3,6*-DT (F ig ,  5 -9 )  shows a m o l e c u l a r  i o n  a t  222 m/e 
w i t h  m ajo r  i o n s  a t  128 m/e and 94 m/e a t t r i b u t a b l e  to  TCNE and 2-VF 
formed by a r e t r o  D i e l s  A l d e r  r e a c t i o n  u n d e r  mass  s p e c t r a l  c o n d i t i o n s .  
We a l s o  o b s e rv e d  a n  i o n  a t  65 m/e  which we d i d  n o t  i d e n t i f y .  Th is  
r e a c t i o n  was ob s e rv e d  i n  the  mass spec t rum  o f  3 ,4 ,5 ,6 -TD A ,  t h e  o t h e r  
u n r e a r r a n g e d  a d d u c t ,  b u t  n o t  i n  t h a t  o f  4 ,5 ,6 ,7 -T D A ,  t h e  a ro m a t i z e d  
a d d u c t .  The IR s p e c t r a  of  3 ,4 ,5 ,6 -TDA and 3,6-DT a l s o  show s i m i l a r  
a b s o r p t i o n  p a t t e r n s  ( F i g s .  5-10 and 5 - 1 1 ) ,  However, 3,6-DT was l e s s  
s o l u b l e  i n  s t y r e n e  t h a n  i s  t h e  3 ,4 ,5 ,6 -TD A ,  th u s  c a u s i n g  us  to  abandon 
2-VF a s  t h e  d i e n e  and to  b e g in  l o o k in g  f o r  a more s u i t a b l e  d i e n e  and 
d i e n o p h i l e .
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S in c e  i t  i s  t h e o r i z e d  t h a t  t h e  d r i v i n g  f o r c e  f o r  t h e  MIH s t e p  
o f  any AH t y p e  i n i t i a t i o n  i s  t h e  g a i n  i n  r e s o n a n c e  ene rgy  from a r o -  
m a t i z a t i o n ,  we s e a r c h e d  f o r  a  v i n y l  a r o m a t i c  whose r e s o n a n c e  energy  
i s  g r e a t e r  t h a n  f u r a n ' s  b u t  l e s s  than  t h a t  o f  b e nz ene .  We assumed 
t h a t  an AH ty p e  i n i t i a t o r  formed from t h i s  v i n y l  a r o m a t i c  would r e a c t  
f a s t e r  i n  t h e  MIH s t e p  t h a n  a 2-VF a d d u c t ,  c a u s i n g  f a s t e r  r a t e s  o f  
p o l y m e r i z a t i o n s  a t  s i m i l a r  c o n c e n t r a t i o n s ,  P re sum ab ly ,  t h i s  AH type  
a d d u c t  would undergo  t h e  D i e l s  A ld e r  s t e p s  u n d e r  m i l d e r  c o n d i t i o n s  
t h a n  s t y r e n e  and t h u s  undergo  a reduced  number o f  d e s t r u c t i v e  s i d e  
r e a c t i o n s .
Three  v i n y l  a r o m a t i c s  t h a t  undergo th e r m a l  p o l y m e r i z a t i o n
whose r i n g s  have  s m a l l e r  r e s o n a n c e  e n e r g i e s  t h a n  benzene  b u t  l a r g e r
9
r e s o n a n c e  e n e r g i e s  t h a n  f u r a n  a r e  2- and 4 - v i n y l p y r i d i n e  and 
2 - v i n y l t h i o p h e n e  ( 2 - V T ) . ^  We f i r s t  t r i e d  to  r e a c t  b o th  2- and 4-  
v i n y l p y r i d i n e  w i t h  TCNE and m a l e i c  a n h y d r i d e  b u t  found t h a t  they  
formed h i g h l y  c o l o r e d  c h a r g e  t r a n s f e r  c o m p l e x e s ' ^  I n s t e a d  o f  D i e l s  
A l d e r  a d d u c t s .  We t h e n  t u rn e d  ou r  a t t e n t i o n  to  2-VT a s  a p o s s i b l e  
d i e n e  s i n c e  i t  has  been  r e p o r t e d " ^ 3 ’ t h a t  2-VT r e a c t s  w i t h  MA a t  
100°C to  form an  u n r e a r r a n g e d  and u n a ro m a t i z e d  D i e l s  A lde r  p r o d u c t  
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However, we were  u n a b le  to  d u p l i c a t e  t h i s  r e a c t i o n ,  b e c ause  the r e a c ­
t i o n  c o n d i t i o n s  c a use d  s i d e  r e a c t i o n s  which d e s t r o y e d  th e  unnromat ized  
a d d u c t .  We were  thus  f o rc e d  to  seek  a more r e a c t i v e  d i e n o p h i l e  thun 
m a l e i c  a n h y d r i d e  f o r  we f e l t  i t  was n e c e s s a r y  f o r  the  r e a c t i o n  to 
t a k e  p l a c e  a t  a modes t  t e m p e r a t u r e .  Our l i t e r a t u r e  s e a r c h  sugg e s t e d  
t h r e e  p o s s i b l e  d i e n o p h i l e s — d i c y a n o a c e t y l e n e , e t h y l a z o d i c a r b o x y l a t e  
(EADC)^ and 4 - p h e n y l - l , 2 , 4 - t r i a z o l i n e - 3 , 5 - d i o n e  (4-PTD) We imme­
d i a t e l y  r e j e c t e d  d i c y a n o a c e t y l e n e  s i n c e  i t  i s  t h e  l e a s t  r e a c t i v e  and 
a l s o  i s  v e r y  t o x i c  and d i f f i c u l t  t o  s y n t h e s i z e .
We examined t h e  r e a c t i o n s  o f  t h e  e t h y l a z o d i c a r b o x y l a t e  w i th
2-VT and found t h a t  a  2:1 a d d u c t  (two azo to  one 2-VT) i s  formed.  The
e t h y l a z o d i c a r b o x y l a t e  r e a c t s  i n i t i a l l y  w i t h  2-VT a s  a d i e n o p h i l e  and
th en  r e a c t s  a s  an  e n o p h i l e  w i t h  the  u n a ro m a t i z e d  a d d u c t  to p roduce
a t r i m e r  (eq 5-8)  . EtCO
\  2
E t C O g ^  H
2-VT + EADC
(5-8 )
X • 1 / J .C 4 .D  i t  X U  UL ->
The e t h y l a z o d i c a r b o x y l a t e  a l s o  r e a c t s  s i m i l a r l y  w i th  s t y r e n e  and the
13i n i t a l l y  formed u n a ro m a t i z ed  a d d u c t .  We de te r m in e d  th e  r a t i o  of  the
EADC to 2-VT, u s in g  i n t e g r a t i o n  from t h e  NMR spe c t rum .
We now fo cu s e d  our  a t t e n t i o n  on the  u s e  o f  4-PTD b e c a u s e  i t  i s  
14r e p o r t e d  to  be t h e  most p o t e n t  d i e n o p h i l e  e ve r  s y n t h e s i z e d ,  r e a c t i n g  
i n s t a n t l y  w i t h  b u t a d i e n e  a t  -50°C and c y c l o p e n t a d i e n e  a t  -78°C .  In  
a d d i t i o n ,  t h e  c i s  s t r u c t u r e  o f  t h i s  azo d i e n o p h i l e  i s  known to
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i n h i b i t  the  ene r e a c t i o n ^  which d e s t r o y s  t h e  i n i t i a l l y  formed un­
r e a r r a n g e d  a d d u c t .
To o b t a i n  t h e  u n r e a r r a n g e d  and u n a ro m a t i z e d  a d d u c t ,  we s lo w ly  
dropped  a m e thy le ne  c h l o r i d e  s o l u t i o n  o f  4-PTD i n t o  a m ethy lene  
c h l o r i d e  s o l u t i o n  o f  2-VT co o le d  to  -20°C and t h e n  removed th e  s o l v e n t  
under  vacuum. The r e a c t i o n  i s  shown i n  eq ' j - 'J.
We conf i rmed  t h e  s t r u c t u r e  of  t h e  D i e l s  A ld e r  a d d u c t  3,6-DDDP, s i n c e  
t h i s  compound has  an  NMR a b s o r p t i o n  p a t t e r n  which  i s  v e r y  s i m i l a r  to 
t h a t  o f  3 ,4 ,5 ,6 -TDA and 3,6-DT and has  t h e  p r e d i c t e d  s p l i t t i n g  con­
s t a n t s  and peak  a r e a s  f o r  the  a s s i g n e d  s t r u c t u r e .  The mass 
spec t rum  a l s o  i s  l i k e  t h a t  o f  3 V3 >6-TDA and 3,6-DT,  The NMR p a t t e r n  
f o r  p r o t o n s  a ,  b ,  c ,  d and e and e '  i n  3,6-DDDP i s  i d e n t i c a l ,  to 
p r o t o n s  a ,  b ,  c ,  d ,  e and e 1 in  3 ,6-DT w h i l e  p r o t o n s  a ,  b,  c ,  and d 
a r e  v e r y  s i m i l a r  to  p r o t o n s  a ,  b,  c and d i n  3 ,4 ,5 ,6 -TDA ( s e e  F i g s ,  
5 - 3 ,  5-8 and 5-12) .  The NMR spec t rum  o f  3,6-DDDP ( F ig .  5-12 )  shows th e  
f i v e  a r o m a t i c  p r o t o n s  o f  the  phenyl  r i n g  a b s o r b i n g  a t  12 .52  ppm 6,  
t h r e e  o l e f i n i c  p r o t o n s  a b s o r b i n g  a t  11,22  pp^t <5 ( p r o t o n  a ) , 1 0 . 6 3  ppm <5 
( p r o t o n  b) and 9 .9 0  ppm 6 ( p r o t o n  c ) ,  one d i a l l y l i c  p r o t o n  a b s o r b i n g  
a t  9 . 0  ppm 6 ( p r o t o n  d) and two n o n e q u i v a l e n t  a l l y l i c  p r o t o n s  (e  and 
e ' )  forming  an  ABXY p a t t e r n  o f  12 l i n e s  c a l c u l a t e d ^  to  a b s o r b  a t  
7 .25 ppm 6 and 7.02  ppm 6 (T a b le  5 - 6 ) ,
(5 -9 )
(2-VT) (4-PTD) (3,6-DDDP)







r- l  rH



























































































,}e & e '






Ah 1 t ;
Sweep Time -  500 s e c  
Sweep Width -  500 cps 
Sweep O f f s e t  -  300 cps 
Spectrum Amp -  7000 
S o l v e n t  -  d6 A ce tone  
C o n c e n t r a t i o n  -  a: 0 . 1  M/R 
Freq  Response  -  0 . 5  
R .F .  A t t e n u a t o r  -  24 
F i e l d  M i l l i g a u s  -  0 .0 8  
(Man Osc .  F r e q . )
F i e l d  M i l l i g a u s  -  0 .7 0  
(Sweep F r e q . )
I n s t r u m e n t  -  V a r ia n  HA-100
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To c o n f i rm  o u r  p r o t o n  a s s i g n m e n t s  and to  more c l e a r l y  d e t e r m i n e  
t h e  s p l i t t i n g  c o n s t a n t s  f o r  t h e  p r o t o n s  i n  3,6-DDDP we c a r r i e d  o u t  a 
s p i n  d e c o u p l i n g  e x p e r im e n t  ( F ig .  5 - 1 3 ) .  As e x p e c t e d ,  we f i n d  t h a t  
i r r a d i a t i o n  a t  t h e  f r e q u e n c y  o f  p r o t o n  a c a u s e s  t h e  d o u b l e t  o f  d o u b l e t s  
o f  p r o t o n  b a t  6 .3 8  ppm to  be  reduced  to  a d o u b l e t  o f  d o u b l e t  and a l s o  
s i m p l i f i e s  t h e  m u l t i p l e t  of  p r o t o n  d a t  5 .4 0  ppm. We e x p e c t e d  some 
s m a l l  c o u p l i n g  o f  p r o t o n  a to  p r o t o n  c b u t  i t  was too  s m a l l  to  be de­
t e c t e d  h e r e .  L i k e w i s e ,  i r r a d i a t i o n  a t  t h e  f r e q u e n c y  o f  p r o to n  b c a u s e s  
t h e  e x p e c t e d  d e c o u p l i n g .  The d o u b l e t  o f  d o u b l e t  o f  p r o t o n  a a t  6 .83  ppm 
i s  r educed  to  a d o u b l e t ,  and t h e  m u l t i p l e t  o f  p r o t o n  c a t  5 .94  ppm i s  
r educed  to  two d o u b l e t s .  Again o n ly  a s l i g h t  s i m p l i f i c a t i o n  o f  p r o t o n  d 
a t  4 . 5 0  ppm i s  o b s e rv e d  s i n c e  d i s  coup led  to  a l l  t h e  o t h e r  p r o t o n s .
Next  t h e  i r r a d i a t i o n  a t  t h e  f r e q u e n c y  of  p r o t o n  c c a u s e s  t h e  e x p e c t e d  
change  i n  t h e  d o u b l e t  o f  d o u b l e t s  o f  p r o t o n  b a t  5 .3 8  ppm t o  a c l e a n  
d o u b l e t  of  d o u b l e t ;  t h i s  i r r a d i a t i o n  a l s o  c o l l a p s e s  the  ABXY p a t t e r n  o f  
p r o t o n s  e and e '  a t  4 . 4 5  and 4 .2 1  ppm to  a d o u b l e t  o f  d o u b l e t .  We d i d  
n o t  o b s e r v e  any cha nge  i n  t h e  p a t t e r n  o f  p r o t o n  a a t  6 .83  ppm be c a u s e  
t h e  c o u p l i n g  o f  p r o t o n  d to  p r o t o n  a was too weak to  be obs e rv e d  h e r e .  
The ne x t  i r r a d i a t i o n  a t  t h e  f r e q u e n c y  o f  p r o t o n  d changes  t h e  d o u b l e t  
o f  d o u b l e t  of  p r o t o n  a a t  6 .8 3  ppm t o  a d o u b l e t  w i t h  p e rh a p s  some 
s l i g h t  c o u p l i n g  o f  p r o t o n  a to  p r o to n  c a p p e a r i n g  f o r  t h e  f i r s t  t im e .  
Thi s  i r r a d i a t i o n  a l s o  changes  t h e  d o u b l e t  of  d o u b l e t s  o f  p r o t o n  b to  a 
d o u b l e t  o f  d o u b l e t  w i t h  v e r y  weak s p l i t t i n g ;  i n  a d d i t i o n  t h e  m u l t i p l e t  
o f  p r o t o n  c becomes l e s s  w e l l  d e f i n e d .  F i n a l l y  t h i s  i r r a d i a t i o n  a t  
p r o to n  d c o l l a p s e s  t h e  ABXY p a t t e r n  o f  p r o t o n s  e and e 1 to  a  p o o r l y  
d e f i n e d  d o u b l e t  o f  d o u b l e t .  The l a s t  i r r a d i a t i o n  i n  t h e  m id d le  o f  t h e  
h BXY p a t t e r n  o f  p r o t o n s  e and e ’ a t  4 .4 5  and 4 .2 1  ppm r e d u c e s  t h e
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m u l t i p l e t  o f  p r o t o n  c a t  5 .9 4  ppm to  a p o o r ly  d e f i n e d  and weakly s p l i t  
d o u b l e t  of  d o u b l e t s  showing a g a i n  t h e  e x p e c t e d  weak c o u p l i n g  o f  pro tot. 
a and b to  p r o t o n  c .  Th is  i r r a d i a t i o n  a l s o  s i m p l i f i e s  t h e  m u l t i p l e t  
o f  p r o to n  d.
Based on t h e s e  c o u p l i n g  e x p e r im e n t s  and th e  measurements  we
made from t h e  s p e c t r a ,  t h e  s p l i t t i n g  c o n s t a n t s  o f  p r o t o n s  a ,  b ,  c ,  d ,
e and e r a r e  a s s i g n e d  to  be J  , = 6; J  < 1 ;  J  , =  2 . 3 :  J, . = 2 . 8 ;a , b  a , c  a , d  ’ b , d  '
J ,  = 0 . 8 ;  J  , = 4;  J  and J  , = 4;  J ,  and J ,  , = 4:  and b , c  c , d  c , e  c , e  d , e  d , e ’ *
, = 1 7 .  The s p l i t t i n g  c o n s t a n t s  J  , , J  , and J, , a r e  o n l y  con-  e , e '  r  °  a , b ’ a , d  b , d  JJ
s i s t e n t  w i t h  t h o s e  o f  2 , 3 - d i h y d r o t h i o p h e n e  which  have v a l u e s  f o r  t h e  
s i m i l a r  p r o t o n s  o f  6 . 0 ,  2 . 2  and 2 . 8 . ^ ’ ^a * ^
The b e h a v i o r  o f  3,6-DDDP unde r  mass s p e c t r a l  c o n d i t i o n s  a l s o  
i s  s i m i l a r  t o  3 ,4 ,5 ,6 -TDA and 3,6-DT s i n c e  3,6-DDDP a l s o  und e rg o e s  a 
r e t r o  D i e l s  A ld e r  r e a c t i o n .  The f r a c t u r e  p a t t e r n  r e v e a l s  an expec ted  
m o le c u la r  i o n  a t  285 m/e w i t h  major  i o n s  a t  138 m/e a t t r i b u t a b l e  to  the  
l o s s  o f  pheny l  i s o c y a n a t e  and CO from th e  p a r e n t  compound; a t  119 m /e ,  
a t t r i b u t a b l e  t o  pheny l  i s o c y a n t e ;  and a t  110 m /e ,  a t t r i b u t a b l e  to  2-VT 
a s  t h e  r e s u l t  o f  a r e t r o  D i e l s  A ld e r  r e a c t i o n  o c c u r r i n g  under  mass 
s p e c t r a l  c o n d i t i o n s  ( F ig .  5 - 1 4 ) .  While  a t t e m p t i n g  to  r e c r y s t a l l i z e
3,6-DDDP, we caused  i n s t e a d  r e a r r a n g e m e n t ,  a r o m a t i z a t i o n  and dehy­
d r o g e n a t i o n .  Mass s p e c t r a l  a n a l y s i s  r e v e a l e d  a  m o l e c u l a r  i o n  a t  
283 m/e w i t h  o n ly  two major  i o n s  a t  136 m /e ,  a t t r i b u t a b l e  to  l o s s  o f  
p h e n y l i s o c y a n a t e  and CO from th e  p a r e n t  compound and a t  119 m /e ,  
a t t r i b u t a b l e  t o  pheny l  i s o c y a n a t e  ( F ig .  5 - 1 5 ) .  As was o b s e rv e d  i n  
th e  mass s p e c t r a  o f  t h e  a r o m a t i z e d  a d d u c t s  4 ,5 ,6 ,7 -TDA and 6,7-MMTDA,


















































































no i o n  a t t r i b u t a b l e  to  t h e  p a r e n t  v i n y l  a r o m a t i c  i s  p r e s e n t  s i n c e  t h e
r e t r o  D i e l s  A l d e r  r e a c t i o n  ca n n o t  t a k e  p l a c e .  The 1R spec t rum  o f
3,6-DDDP i s  shown i n  F i g u r e  5—1.6.
The p r o d u c t  o f  ou r  r e a c t i o n  be tween 2-VT and 4-PTD can o n ly
be t h e  D i e l s  Alder  1 :1  a d d u c t  3,6-DDDP. No o t h e r  s t r u c t u r e  a g r e e s
w i t h  t h e  NMR and mass s p e c t r a l  d a t a ,  and ,  h i s t o r i c a l l y  s p e a k i n g ,  no
2-VT o r  s i m i l a r  2 - s u b s t i t u t e d  t h io p h e n e  has  r e a c t e d  any o t h e r  way b u t
12
by a D i e l s  A ld e r  mechanism.
Now t h a t  we have  a  s y n t h e t i c  AH, 3,6-DDDP ( h e n c e f o r t h  d e s i g ­
n a t e d  a s  BH), t h e  f i n a l  work to  be done i s  to  p r o v e  t h a t  BH unde rgoes  
an MIH s t e p ,  i n i t i a t i n g  t h e  f r e e  r a d i c a l  p o l y m e r i z a t i o n  o f  s t y r e n e ,  
and t h a t  BH has  a v e r y  l a r g e  c h a in  t r a n s f e r  c o n s t a n t  a s  p r e d i c t e d  by 
our  computer  s t u d i e s  ( s e e  C ha p te r  4 ) .  The f r e e  r a d i c a l  mechanism f o r  
the  p o l y m e r i z a t i o n  o f  s t y r e n e  t h e r m a l l y  i n i t i a t e d  by our  MIH i n i t i a t o r  
BH i s  g iv e n  i n  Scheme 5 -1 .  Apply ing  normal  f r e e  r a d i c a l  p o l y m e r i z a ­
t i o n  k i n e t i c  t e c h n i q u e s  to  t h i s  mechanism g i v e s  the  f o l l o w i n g  e x p r e s ­
s i o n  f o r  t h e  t o t a l  r a t e  o f  p o l y m e r i z a t i o n :
k (R.mth +  R . . . )  • [M]r\ _ P lMIH i t h  /n2 j n 2 \ 0 . 5 / r  i rt\
P "   (2iv>yV'5 PM III + F th  (5~ 10)
where  t h e  e x p r e s s i o n  f o r  t h e  r a t e  o f  i n i t i a t i o n  due to  our  added MIH 
i n i t i a t o r  BH i s  w r i t t e n  a s
RiMIH = 2kMiH^BH^ M  ̂ ( 5 - H )
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where i s  d e f i n e d  i n  eq G3, Scheme 5 - 1 ,  a s  t h e  r a t e  c o n s t a n t  f o r
t h e  MIH i n i t i a t i o n  s t e p  be tween  BH and s t y r e n e .  Thus t h e  e x p r e s s i o n  
f o r  the  r a t e  o f  p o l y m e r i z a t i o n  due s o l e l y  to t h e  added i n i t i a t o r  BH i s  
now w r i t t e n  as
k  (R .m t „ ) ° * S[M] k . „ TU 3
R * —E yi51!------------  b If ( O.Sr nu] 0 . S fwj 2 C5-12)
KPMIH (2k t ) 0 - 5 V  k t  '  lBHJ lMJ ^
The e x p r e s s i o n s  f o r  t h e  r a t e  o f  t h e rm a l  i n i t i a t i o n  and o f  the rm a l  
p o l y m e r i z a t i o n  ( a s  d e f i n e d  i n  e a r l i e r  c h a p t e r s )  a r e  w r i t t e n  a s :
k ( B . J ' - ’ M  k . TU l
RP t h  -  P (lktT»-= -  (5 -14)
where t h e  e x p r e s s i o n  f o r  AH m o l a r i t y  i s  d e f i n e d  i n  eq 3-8 of  C h a p te r  3 
a s :
k f D A ^
[AH] « -------------- ^ ----------    (5 -15)
k [M] + k au(t- 7 £ t ) ene  trAH k [M]
P
The r a t e  o f  p o l y m e r i z a t i o n  due s o l e l y  to  i n i t i a t i o n  by BH
c a n n o t  be measured  d i r e c t l y  b u t  i n s t e a d  must  be  c a l c u l a t e d  u s i n g  
eq 5-16
rp m i h -  <Rp - Rp t h ) 0 ' S <5- 16>
and t h e  obs e rv e d  v a l u e s  o f  R_. and R.,^. .P P th
R eproduced  with permission of the copyright owner. Further reproduction prohibited without permission.
167
Scheme 5-1
The Mechanism o f  S t y r e n e  P o l y m e r i z a t i o n  
by t h e  MIH I n i t i a t o r s  AH and BH
I n i t i a t i o n
k
AH (Gl)
AH + M ----- — — >  A '(R*)  + R* (G2)
If
•f MTH
BH + M  B»(RO + R* (G3)
P r o p a g a t i o n
k
R* + M ------- 2---- >  R* (GA)
Chain  T r a n s f e r
R* + M ----- — ---Polymer + R* (G5)
Ic . . .
R* + A H    ■> A* + Polymer (G6)
R. + BH tyJJi >  B. + Polymer (G7)
T e r m i n a t i o n
k t
R* + R* -------------- >  Polymer (G8)
Non R a d i c a l  R e a c t i o n s  
k
AH + M ----- — --->  A-S ty  (G9)
k eai
k
AH — 1- PhT (G10)
BH + M ----- —  >  B-Sty ( G i l )
BH A e a r r ^
Ph
(G12)
Reproduced  with permission of the copyright owner. Further reproduction prohibited without permission.
168
F i n a l l y ,  t h e  e x p r e s s i o n  f o r  t h e  r e l a t i o n  be tween  the  d e g re e  
o f  p o l y m e r i z a t i o n  and the  c h a i n  end forming p r o c e s s e s  i n  t h i s  mecha­
nism i s  w r i t t e n  a s :
l / P  a  + Q + £ [Aft], + Q .[M3. (5 -17)
'  n k [M] 1 M AH [M] BH [M] °
P
This  e q u a t i o n  a l l o w s  the  d e t e r m i n a t i o n  o f  t h e  c h a i n  t r a n s f e r  c o n s t a n t  
o f  BH.
S in c e  our  i n i t i a t o r  BH i s  the  f i r s t  i n i t i a t o r  o f  i t s  k ind
eve r  s t u d i e d ,  i t  i s  i m p o r t a n t  t h a t  we a l s o  d e t e r m i n e  t h e  energy  of
a c t i v a t i o n  f o r  I n i t i a t i o n  ( E . „ TtI) ,  The v a l u e  o f  E , „ TI1 c a n n o t  beiMIH iMIH
measured d i r e c t l y  b u t  i n s t e a d  must  be c a l c u l a t e d  from t h e  o v e r a l l  
a c t i v a t i o n  energy  f o r  p o l y m e r i z a t i o n  (E) which  i s  de te r m in e d  from the  
s lo p e  o f  t h e  p l o t  l o g  v e r s u s  1/T  a t  a c o n s t a n t  BH c o n c e n t r a t i o n .
Once E i s  known i s  c a l c u l a t e d  a c c o r d i n g  to  eq 5-18
ei m ih  "  2IE ■ (EP "  V 2)]  (5" 18)
where t h e  v a l u e s  o f  t h e  a c t i v a t i o n  ene rgy  f o r  p r o p a g a t i o n  (Ep) and
t e r m i n a t i o n  (E^) a r e  known.
When t h e s e  k i n e t i c  e q u a t i o n s  a r e  a p p l i e d  to  ou r  d a t a ,  they
shou ld  t e l l  us  w he the r  BH i s  i n i t i a t i n g  by an  MIH s t e p  which p roduces
f r e e  r a d i c a l s .  A c cord ing  t o  eq 5 -1 2 ,  i f  BH i s  i n i t i a t i n g  by an  MIH
f r e e  r a d i c a l  mechanism,  a p l o t  o f  log  v s .  l o g  [BH] a t  c o n s t a n t
monomer c o n c e n t r a t i o n  shou ld  have  a s l o p e  of  0 . 5  w h i l e  a p l o t  of
log Rd u tu  v s .  log  [M] a t  constant in i t i a t o r  concentration  should have 
PMIH
19a s lo p e  of  1 . 5 .  In  a d d i t i o n ,  Tobolsky  has  shown t h a t  i f  t r a n s f e r  to 
i n i t i a t o r  o c c u r s ,  a p l o t  o f  l / pn v s .  Rpj^m ^ec| 5-15)  w i t h  v a r y i n g
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19 —I n i t i a t o r  c o n c e n t r a t i o n  i s  c u rv e d .  F i n a l l y ,  a p l o t  o f  1 / Pr  v s .  [BH]
(eq 5-15)  w i l l  e n a b le  us  to  d e t e r m i n e  t h e  v a l u e  o f  Cgjj- The v a l u e  of  
shou ld  be l a r g e  s i n c e  ou r  computer  s i m u l a t i o n  ( r e p o r t e d  i n  Chap­
t e r  4) p r e d i c t s  C to  be a t  l e a s t  one .AH
We used BH to i n i t i a t e  n e a t  and d i l u t e d  s t y r e n e  a t  t h r e e  d i f ­
f e r e n t  t e m p e r a t u r e s  u s i n g  c o n c e n t r a t i o n s  of  BH from 1 to 30x l0 -3 m ola r  
(Tab le s  5 - 7 ,  5 - 8 ,  5-9 and 5-10) .  We measured a l l  o u r  r a t e s  o f  p o l y ­
m e r i z a t i o n  (Rp and Rpt ^ )  g r a v i m e t r i c a l l y  and c a l c u l a t e d  from
them u s i n g  eq 5 -16 ;  we d e t e r m i n e d  number a v e r a g e  d e g r e e s  o f  p o l y m e r i ­
z a t i o n  P u s in g  a g e l  p e rm e a t i o n  ch rom ato graph  (CPC). The k i n e t i c  
e q u a t i o n s  we used to  i n t e r p r e t  ou r  d a t a  a r e  based  on the  " s t e a d y  
s t a t e  a s s u m p t i o n . "  T h i s  a s s u m p t io n  s im ply  i m p l i e s  t h a t  a s m a l l  s t e a d y  
s t a t e  c o n c e n t r a t i o n  o f  r a d i c a l s  e x i s t s  d u r i n g  t h e  p o l y m e r i z a t i o n  
and t h a t  the  monomer and th e  i n i t i a t o r  c o n c e n t r a t i o n s  may o r  may n o t  
change  o n ly  s l i g h t l y .  To a p p l y  such  e q u a t i o n s  to  any p o l y m e r i z a t i o n  
d a t a  r e q u i r e s  t h a t  t h e  c o n v e r s i o n  be k e p t  to a p p r o x i m a t e l y  10%. In  
ou r  s t u d i e s  we ob s e rv e d  l a r g e  d e c r e a s e s  i n  BH c o n c e n t r a t i o n  i n  some 
of  our  r u n s  bu t  n o t  i n  o t h e r s  ( s e e  T a b le s  5-7 and 5 - 8 ) .  Because of  
t h e s e  d e c r e a s e s ,  we f e l t  t h a t  we should u s e  t h e  a v e r a g e  c o n c e n t r a t i o n  
i n  a p p l y i n g  eqs 5 -12 ,  5-16 and 5-17 to  o u r  d a t a .  We know t h e  a v e r a g e  
c o n c e n t r a t i o n  i s  a t r u e r  a p p ro x i m a t io n  o f  t h e  " o b s e r v e d "  BH c o n c e n t r a ­
t i o n  d u r i n g  th e  p o l y m e r i z a t i o n  than  i s  t h e  i n i t i a l  o r  f i n a l  
c o n c e n t r a t i o n  of  BH. A l l  t h e  s l o p e s  we r e p o r t  have been c a l c u l a t e d  
u s i n g  th e  l e a s t  s q u a r e s  method.
For  t h e  p o l y m e r i z a t i o n  r u n s  made a t  59 .8°C (Tab le  5 -7)  our  
p l o t  o f  l og  v s .  l og  [BH] a t  c o n s t a n t  monomer c o n c e n t r a t i o n  has  a


















The P o l y m e r i z a t i o n  o f  S t y r e n e  a t  59.8°C fay t h e  MIH I n i t i a t o r  BH
Run
Number
P o l y m e r i z a t i o n
Time
( h rs )
« Conv. [BH]* [BH]* [BH]Cav . R^xlO6 W 106 1 /P  xlO1* n
5-5871 10 0.97 0 0 0 2 .3 3 f 1 .14
6-5871 10 1 .9 1 1 1 1 4 .60 3.98 1 1 . 2
1-52471 5 0 .95 1 0 .9 0 .9 5 4 .66 4 .0 4 1 3 .2
7-5871 10 2 .1 1 3 2 .6 2 .8 5 .17 4 .6 2 33 .3
5-52671 4 1 .53 5 — 5 9 .2 3 8 .9 3 —
10-52471 4 2 .2 1 10 5 .3 7.65 13 .12 1 2 .92 82 .0
a )  I n i t i a l  c o n c e n t r a t i o n  o f  BHxlO+3
b) F i n a l  c o n c e n t r a t i o n  o f  BHxlO"1"3
c )  Average  c o n c e n t r a t i o n  o f  BHxl0+3
d) Observed r a t e  o f  p o l y m e r i z a t i o n



















The P o l y m e r i z a t i o n  of  S t y r e n e  a t  98 .2°C by t h e  MIH I n i t i a t o r  BH
Run
Number
P o l y m e r i z a t i o n
Time
(min)
% Conv. [BH]* [BH]* [BH]Cav . RpXlO5 RW 105 1/P  x lO 1* n
1-5871 30 0 .8 5 0 0 0 4 .1 1 f 2 . 4
3-5871 30 1.66 3 2 .55 2 .78 8 .0 8 6 .9 1 2 3 .7
5-52571 20 1.40 5 4 .2 3 4 .6 1 10 .09 9 .2 2 40 .5
4-5871 20 1.47 10 6 .33 8 .17 10 .59 9 .7 7 71 .0
5-5871 20 2.06 30 1 4 .7 22.35 15 .27 14 .73 1 79 .0
a )  I n i t i a l  c o n c e n t r a t i o n  o f  BHxlO+3
b) F i n a l  c o n c e n t r a t i o n  o f  BHxlO+3
c)  Average  c o n c e n t r a t i o n  o f  BHxlO+3
d) Observed r a t e  o f  p o l y m e r i z a t i o n
e)  R a t e  o f  p o l y m e r i z a t i o n  due o n ly  t o  BH c a l c u l a t e d  from eq 5-16
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TABLE 5-9
The P o l y m e r i z a t i o n  o f  S t y r e n e  a t  98.2°C by t h e  MIH I n i t i a t o r  BH 
a t  D i f f e r e n t  Monomer C o n c e n t r a t i o n s
Run
Number
P o l y m e r i z a t i o n
Time % Conv. [BHjxlO3 Rpx l 0 5 [M]
5-52571 20 min. 1 .40 5 10 .1 8 .00
51-52671 30 min. 1 .62 5 7 .8 6 .67
52-52671 1 h r . 1 .92 5 4 .6 5 .00
53-52671 2 h r s . 1 .42 5 1.7 3 .33
54-52671 3 h r s . 1 .33 5 1.02 2.67
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TABLE 5 -1 0
The P o l y m e r i z a t i o n  o f  S t y r e n e  a t  80°C by th e  MIH I n i t i a t o r  BH 
Using  C o n s t a n t  I n i t i a l  C o n c e n t r a t i o n s
Run
Number
P o l y m e r i z a t i o n
Time
( h r s )
% Conv. [BH]*xl02 [BH]£x102 RpXlO5
1-7972 2 .5 1 .4 0 0 i c!
3-7972 1 .5 2 .4 10 4 .3 3 .4
5-7972 9 4 .9 10 1 .7 6 1 .3 2
6-7972 18 8 .8 10 1.44 1 .18
a)  I n i t i a l  c o n c e n t r a t i o n
b) F i n a l  c o n c e n t r a t i o n
c)  Observed r a t e  o f  p o l y m e r i z a t i o n
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s l o p e  o f  0 .54  ( F ig .  5 - 1 7 ) ,  which a g r e e s  q u i t e  w e l l  w i t h  t h e  p r e d i c t e d  
v a l u e  o f  0 . 5 .  A s i m i l a r  p l o t  f o r  t h e  d a t a  o b t a i n e d  a t  98 .2°C 
(Tab le  5 -8 )  has  a  s l o p e  o f  o n l y  0 .34  ( F ig .  5 - 1 8 ) ,  Th is  v a l u e  o f  t h e  
s l o p e  i s  o n l y  i n  f a i r  a g reem en t  w i t h  t h e  p r e d i c t e d  v a l u e  o f  0 . 5 .  
However, t h i s  d i s c r e p a n c y  be tween  t h e  o b s e rv e d  and t h e  p r e d i c t e d  
v a l u e  o f  t h e  s l o p e  f o r  t h e  d a t a  a t  98.2°C c o u ld  be  a t t r i b u t a b l e  to  
l o s s  o f  BH by r e a r r a n g e m e n t  a t  98 .2 °C ,  A s o ^  has  r e p o r t e d  t h a t  t h e  
AH ty p e  ad d u c t  o f  2-VT formed d u r i n g  th e r m a l  p o l y m e r i z a t i o n  by D i e l s  
A ld e r  d l m e r i z a t i o n  r e a r r a n g e s  a t  100°C tw en ty  t im es  f o r  each  one i n i ­
t i a t i o n  s t e p ;  a t  t e m p e r a t u r e s  l e s s  t h an  80°C, t h i s  AH a d d u c t  o f  2-VT 
o n l y  i n i t i a t e s  t h e  t h e r m a l  p o l y m e r i z a t i o n  and does  n o t  a p p e a r  to  
undergo r e a r r a n g e m e n t .  Our i n i t i a t o r  BH formed from 2-VT i s  e x p e c t e d  
to  behave  i n  a s i m i l a r  manner .  S in c e  o u r  method o f  d e t e r m i n i n g  t h e  
r e m a in in g  BH a f t e r  a  p o l y m e r i z a t i o n  c a n n o t  d i s t i n g u i s h  BH from i t s  
r e a r r a n g e d  d e r i v a t i v e ,  t h e  f i n a l  v a l u e  o f  BH r e p o r t e d  i n  Tab le  5-7 i s  
most  p r o b a b l y  too  l a r g e .  T h e r e f o r e  t h e  a v e r a g e  r e p o r t e d  v a l u e  o f  BH 
would be  too  l a r g e  and t h i s  would t en d  to  make t h e  s l o p e  o f  ou r  p l o t
o f  l o g  v s .  l o g  [BH] l e s s  t h a n  1 / 2  f o r  t h e  d a t a  a t  98 .2°C.  We
rMJLn
a l s o  t r i e d  t o  d e t e r m i n e  BH and i t s  a r o m a t i z e d  d e r i v a t i v e  by g a s  chroma­
t o g ra p h y  b u t  were u n a b l e  t o  do s o .
We s t u d i e d  t h e  e f f e c t  o f  chang ing  monomer c o n c e n t r a t i o n  on
Km*™ a t  98.2°C u s i n g  c o n s t a n t  i n i t i a t o r  c o n c e n t r a t i o n s .  We used  rM In
benzene  a s  t h e  d i l u i n t  (Tab le  5 - 9 ) .  E q u a t io n  5 -12  p r e d i c t s  t h a t  i f  
BH i n i t i a t e s  by an MIH r e a c t i o n ,  t h e n  a p l o t  o f  l o g  RpMIH v a * 1°8 £M] 
shou ld  have a s l o p e  o f  3 / 2 .  A g a in ,  however ,  Aso^^ r e p o r t s  t h a t  r e a r ­
rangem ent  o f  the  AH t y p e  a d d u c t  o f  2-VT i n c r e a s e s  r a p i d l y  w i t h
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2 3 4 5 6 7 8 9 10
[BH] x 1 0 3
F i g u r e  5-17 ,  The P o l y m e r i z a t i o n  o f  S t y r e n e  a t  59.8°C by t h e  MIH 
I n i t i a t o r  BH: l o g  v s « 1°8 [BH]









F i g u r e  5 - 1 8 .  The P o l y m e r i z a t i o n  o f  S t y r e n e  a t  98 .2°C by t h e  MIH 
I n i t i a t o r  BH: l o g  v s .  l o g  [BH]
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d e c r e a s i n g  monomer c o n c e n t r a t i o n .  S in c e  we e x p e c t  BH t o  behave  s i m i ­
l a r l y  In  t h e  p o l y m e r i z a t i o n  o f  s t y r e n e ,  we sh o u ld  o b s e r v e  a change  i n  
t h e  s l o p e  o f  ou r  p l o t  when r e a r r a n g e m e n t  o f  BH p r e d o m in a t e s  ove r  i n i ­
t i a t i o n  by BH b e c a u s e  Rp t h e n  becomes e q u a l  t o  R p ^ *  T h e r e f o r e ,  i f  
we p l o t  log  Rp v s .  l og  [M] ( i n s t e a d  o f  l o g  » fche  s l o p e  sho u ld
change  from 3 /2  when i n i t i a t i o n  by BH by an MIH r e a c t i o n  p r e d o m i n a t e s ,  
to  two, when BH m a i n ly  a r o m a t i z e s  and t h e r m a l  i n i t i a t i o n  p r e d o m i n a t e s .  
F i g u r e  5-19 shows t h a t  our  d a t a  a g r e e  w i t h  t h i s  p r e d i c t i o n  a s  the  
s l o p e  o f  our  p l o t  changes  from 3 / 2  to  2 a round 5 mola r  i n  s t y r e n e .
To d e t e r m i n e  w he the r  t r a n s f e r  to  ou r  i n i t i a t o r  BH was o c c u r ­
r i n g ,  we p l o t t e d  1 / Rn v s .  Rp^m* F i g u r e s  5-20 and 5-21 i n d i c a t e  t h a t
t r a n s f e r  to  BH does  o c c u r  r e a d i l y .  We d e te r m in e d  Cn„ by p l o t t i n g
dH
l / P  v s .  [BH] and from t h e  s l o p e  o b t a i n e d  v a l u e s  f o r  C„,, o f  6 . 8  a t  n BH
59.8°C and 4 . 6  a t  98 .2°C ( F i g s .  5-22 and 5 - 2 3 ) .  T h i s  d e c r e a s e  i n  Cnu
BH
20w i t h  i n c r e a s i n g  t e m p e r a t u r e  a g r e e s  w i t h  p r e v i o u s  o b s e r v a t i o n s  t h a t  
c h a i n  t r a n s f e r  c o n s t a n t s  o f  compounds such a s  t h i o l s ,  where k i s  
b i g g e r  t h an  k^ ,  d e c r e a s e  w i t h  i n c r e a s i n g  t e m p e r a t u r e  be c au s e  the  
v a l u e  of  Ep i n c r e a s e s  f a s t e r  t h a n  t h e  v a l u e  of
In  a d d i t i o n ,  we c a r r i e d  o u t  a s tu d y  of  t h e  p o l y m e r i z a t i o n  of  
s t y r e n e  a t  80°C u s i n g  c o n s t a n t  i n i t i a l  BH c o n c e n t r a t i o n s  and d i f f e r i n g  
p o l y m e r i z a t i o n  t im es  (Tab le  5-10). We d i d  t h i s  s t u d y  to  d e t e r m in e  i f  
some i m p u r i t y  i n  BH i s  i n i t i a t i n g  t h e  p o l y m e r i z a t i o n  where BH would 
r e a c t  o n l y  a s  a  c h a i n  t r a n s f e r  a g e n t .  I f  we keep  t h e  c o n v e r s i o n  
to  l e s s  t h a n  10%, Rp shou ld  n o t  change v e r y  much from r u n  to  r u n ,  
s i n c e  t h e  i m p u r i t y  would n o t  be used  u p .  However ,  BH shou ld  
change  d r a s t i c a l l y  s i n c e  i t  w i l l  be  used up r a p i d l y  by c h a i n  t r a n s f e r .
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Slope  = 3 / 2




F ig u re  5 -1 9 .  The P o ly m e r iz a t io n  o f  S ty re n e  a t  98 .2°C a t  V ary ing  
Monomer C o n c e n t r a t io n s  by th e  MIH I n i t i a t o r  BH: 
lo g  Rp v s .  log  [M]
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F ig u r e  5 -2 0 .  The P o ly m e r iz a t io n  o f  S ty re n e  a t  59 .8°C  by th e  MIH
I n i t i a t o r  BH: i / T n v . . Rd . Hexagon, o u r  d a t a ;
d o t ,  o u r  d a t a  from C h a p te r  4






No t r a n s f e r  
I to  I n i t i a t o r
2.01.0
Rp x 10s
F ig u r e  5 -2 1 .  The P o ly m e r iz a t io n  o f  S ty re n e  a t  98 .2°C
by th e  MIH I n i t i a t o r  BH: 1/"F v s .  RnJ ■ n  P
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o S lo p e  = 0 .7 9
2 -
F ig u re  5 -2 2 .  The P o ly m e r iz a t io n  o f  S ty re n e  a t  59.8°C by th e  MIH 
I n i t i a t o r  BH: v s *












F ig u r e  5 -2 3 .  The P o ly m e r iz a t io n  o f  S ty re n e  a t  98.2°C 
by th e  M1H I n i t i a t o r  BH: l / ¥ n v s .  [BH]
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We found t h a t  Rp a p p ro a c h e s  th e  th e rm a l  r a t e  a s y m p t o t i c a l l y  a f t e r  ap­
p r o x im a te ly  80% o f  BH i s  gone which d i r e c t l y  i n d i c a t e s  t h a t  BH i s  the  
i n i t i a t o r  and n o t  some im p u r i ty  ( F ig .  5 -2 4 ) .
A d d i t i o n a l l y  we wanted to  show t h a t  BH c o u ld  i n i t i a t e  a monomer 
t h a t  does  n o t  t h e r m a l ly  p o ly m e r iz e .  We chose  m e th y l  a c r y l a t e  s i n c e  i t  
was e a s i l y  d i s t i l l a b l e  and s in c e  i t  u nde rgoes  f r e e  r a d i c a l  i n i t i a t i o n  
a s  w e l l  a s  a n io n i c  i n i t i a t i o n ,  b u t  n o t  c a t i o n i c  i n i t i a t i o n .  The 
a n io n i c  i n i t i a t i o n  o n ly  o c c u rs  under  s p e c i a l  c o n d i t i o n s .  S in c e  m ethy l  
a c r y l a t e  does  n o t  undergo  th e rm a l  p o ly m e r i z a t i o n ,  Rp o b se rv e d  e q u a ls  
RpMIH -’” •'-2). T h e r e f o r e  a p l o t  o f  lo g  Rp v s .  lo g  [BH] sh o u ld  have 
a s lo p e  o f  1 /2  i f  f r e e  r a d i c a l  i n i t i a t i o n  by BH t a k e s  p l a c e .  We used  
low c o n c e n t r a t i o n s  o f  I n i t i a t o r  and d id  o b s e rv e  th e  p o ly m e r iz a t io n  o f  
m ethy l  a c r y l a t e  (T a b le  5 - 1 1 ) .  We p l o t t e d  lo g  Rp v s .  log  [BH] f o r  ou r  
d a t a  and o b ta in e d  a s lo p e  o f  0 .6 7 ,  which i s  i n  f a i r  ag reem en t  w i th  the  
p r e d i c t e d  v a lu e  o f  1 /2  (F ig .  5 - 2 5 ) .
Using th e  v a lu e s  o f  R„,,T„ o b ta in e d  from a s t a r t i n g  BH co n cen -PMIH
t r a t i o n  o f  10-2  m o la r  a t  59 .8°C , 80°C, and 9 8 .2 °C , we p l o t t e d  lo g  
RpMin Vf3. 1 /T . From th e  v a lu e  o f  th e  s l o p e ,  we c a l c u l a t e d  th e  v a lu e
o f  th e  o v e r a l l  a c t i v a t i o n  e ne rgy  o f  p o ly m e r iz a t io n  (E) to  be  1 3 .0
18
k c a l /m o le  f o r  i n i t i a t i o n  by BH. Using th e  l i t e r a t u r e  v a lu e  o f  6 .6
k c a l / ra o le  f o r  Ep -  E^/2  and ou r  v a lu e  o f  E i n  eq 5 -1 8 ,  we o b t a i n  a
v a lu e  o f  1 2 .8  k c a l /m o le  f o r  T h is  v a lu e  f o r  E .MTU i s  c o n s i s t e n tiMIH 1M1H
w i th  th e  r e p o r t e d  v i l u e  o f  th e  o v e r a l l  a c t i v a t i o n  energy  f o r  th e rm al  
i n i t i a t i o n  ( F j ^ )  o f  28 .2  k c a l /m o le  f o r  2-VT and 28 .9  k c a l /m o le  f o r  
s t y r e n e .  A ccord ing  to  eqs 3-3  and 3-11  i n  C h a p te r  3 , ^ r e p r e s e n t s
t h e  d i f f e r e n c e  be tw een th e  a c t i v a t i o n  e n e r g i e s  f o r  th e  fo rm a t io n  and



























7 7 06 .56.04 .5 5 .0  
[BH]0 *
3 .5 4 .0
F i g u r e  5 -2 4 .  The P o ly m e r iz a t io n  o f  S ty re n e  a t  80°C by t h e  MIH I n i t i a t o r  BH U sing  
I d e n t i c a l  S t a r t i n g  C o n c e n t r a t i o n s  b u t  D i f f e r e n t  R e a c t io n  Times:




The P o ly m e r iz a t io n  o f  M ethyl A c r y l a t e  a t  59.8°C 
by th e  MIH I n i t i a t o r  BH
Run
Number
P o ly m e r iz a t io n  
Time 
(h r  a)
% Conv. (BHlxlO" RpXlO5
0-48171 1 0 0 0
1-41871 1 0 .3 7 5 1 .1 3
2-41871 1 0 .4 8 10 1 .4 8
3-41871 1 0 .8 8 20 2 .7 0
4-41871 1 1 .4 2 40 4 .3 8
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100
S lope  * 0 . 6 7
o
10030 40 50
F i g u r e  5 -2 5 .  The P o ly m e r iz a t io n  o f  M ethy l A c r y l a t e  a t  59 .8°C  by 
th e  MIH I n i t i a t o r  BH: lo g  Rp v s .  lo g  [BH]




lo p e  ■ - 0 .6 5  x 10
-11
-12
270 280 290 300
1/T x 1 0 !
F igure 5 -  26. Arrhenius P lo t  o f  the P o ly m er iza t io n  o f  S tyrene a t  
5 9 . 8°C, 80 .0°C , 98.2°C by the MIH I n i t i a t o r  BH:
ln  RPMIH V8, 1/T
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I n i t i a t i o n  r e a c t i o n s  o f  th e  AH ty p e  a d d u c ts  and th e  a c t i v a t i o n  e n e r ­
g i e s  f o r  th o s e  r e a c t i o n s  w hich d e s t r o y  th e  AH ty p e  a d d u c ts .
Even though we o b se rv e d  l a r g e  d e c r e a s e s  i n  BH c o n c e n t r a t i o n
i n  some o f  ou r  r u n s ,  we s t i l l  p l o t t e d  t h i s  d a t a  to  show a 1 /2  o r d e r
r e l a t i o n s h i p  o f  BH to  RnvrT„» i n d i c a t i n g  a f r e e  r a d i c a l  mechanism. S in c e
PMIH
s t y r e n e  does undergo  c a t i o n i c  and a n i o n i c ,  as  w e l l  a s  f r e e  r a d i c a l  
p o l y m e r i z a t i o n ,  c o u ld  o u r  d a t a  be e x p la in e d  by an i o n i c  mechanism?
Would th e  k i n e t i c s  o f  a c a t i o n i c  p o ly m e r iz a t io n  e x p la i n  o u r  
r e s u l t s ?  F i r s t l y ,  l e t  us  c o n s id e r  what ty p e s  o f  c a t a l y s t s  a r e  needed 
to  c a t i o n i c a l l y  i n i t i a t e  th e  p o ly m e r iz a t io n  o f  s t y r e n e .  T hese  i n c l u d e : 20 
(1) p r o t o n i c  a c i d s  such  a s  H2SO14, HClOi,, d l -  and t r i c h l o r o a c e t i c  a c id  
and t r i f l u o r o a c e t i c  a c i d s .  For th e  w eaker p ro  t o n ic  a c i d s ,  some w a te r  
i s  e s s e n t i a l .  (2) F r e i d e l - C r a f t  c a t a l y s t  such  a s  A IC I3 , A lB r3 ,
SnCli, and BF3 g e n e r a l l y  i n  th e  p r e s e n c e  o f  a c o c a t a l y s t  such  a s  w a te r  
o r  a l c o h o l .  (3) Carbonium s a l t s  such  a s  ben zo y l  p e r c h l o r a t e  and t r i -  
p h e n y lm e th y l  h e x a c h lo ro a n t im o n a te  and (4) c a t i o n o g e n lc  s u b s ta n c e s  such  
a s  t r i p h e n y lm e th y l  c h l o r i d e  in  a s u i t a b l e  p o l a r  s o l v e n t .  S e c o n d ly ,  
some o f  th e  c h a r a c t e r i s t i c s  o f  c a t i o n i c  p o ly m e r iz a t io n s  f o r  low con­
v e r s i o n s  o f  s t y r e n e  i n c l u d e  (1 ) th e  k i n e t i c  o r d e r  w i th  r e s p e c t  to  
c a t a l y s t  and monomer i n c r e a s e s  to  g r e a t e r  th an  one a s  th e  p o l a r i t y  of 
■** th e  medium d e c r e a s e s ;  ( 2) brown o r  o r a n g e - r e d  c o l o r s  a r e  u s u a l l y  ob ­
s e rv e d ;  (3) c a t i o n i c  p o ly m e r iz a t io n  i s  v e ry  f a s t  and can  o c c u r  a t  low 
te m p e r a tu r e s ;  and ('t) when t r a n s f e r  to  any compound i s  th e  main 
t e r m in a t i n g  s t e p ,  1/P n e q u a ls  k t r [ S] / k^[M] .
Does i n i t i a t i o n  by BH o f  s t y r e n e  p o ly m e r iz a t io n  f i t  any o f  th e  
c h a r a c t e r i s t i c s  o f  c a t i o n i c  p o ly m e r iz a t io n ?  We do o b s e rv e  when
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s t y r e n e  i s  p o ly m e r iz e d  i n  th e  p r e s e n c e  of BH t h a t  1 /P n e q u a ls
k [BH]/k [M] a s  i n  a  c a t i o n i c  p o ly m e r iz a t io n  when c h a in  t r a n s f e r  to  t r  p
BH would be th e  main polymer c h a in  end ing  s t e p .  However, t h i s  seems 
to  be th e  o n ly  ag re e m e n t  betw een o u r  d a t a  and th e  c h a r a c t e r i s t i c s  o f  
a  c a t i o n i c  p o l y m e r iz a t i o n .  C e r t a i n l y  BH i s  n o t  a F r e i d e l - C r a f t  
c a t a l y s t  o r  a carbon ium  io n  s a l t .  I t  a l s o  i s  d o u b t f u l  t h a t  
BH c o u ld  behave a s  a  c a t i o n o g e n i c  s u b s ta n c e  i n  th e  low p o l a r i t y  o f  a 
p u re  s t y r e n e  medium. C a t io n i c  i n i t i a t i o n  by BH may o c c u r  i f  BH were 
to  behave a s  a weak a c i d .  However, i n  p u re  s t y r e n e  when th e  weak 
a c id  d i c h l o r o a c e t i c  a c id  i s  th e  i n i t i a t o r ,  th e  o r d e r  i n  i n i t i a t o r  f o r  
Rp i s  t h r e e  and o n e - h a l f .  Only by a v e ry  f a r  s t r e t c h  o f  th e  d a ta  w i l l  
o u r  p l o t  o f  log  Rp v s .  log  [BH] have a s lo p e  o f  t h r e e  and o n e - h a l f .
In  a d d i t i o n  we d id  n o t  o b s e rv e  any red  o r  o ran g e  c o lo r  d u r in g  p o ly ­
m e r i z a t i o n .  And f i n a l l y ,  we know i t  c a n n o t  be c a t i o n i c  i n i t i a t i o n  
s in c e  we w ere a b le  to  p o ly m e r iz e  m ethy l  a c r y l a t e ,  which o n ly  polym er­
i z e s  by a f r e e  r a d i c a l  o r  a n io n i c  mechanism.
O b v io u s ly  t h e  n e x t  q u e s t i o n  i s :  Could BH behave a s  an  a n io n i c
i n i t i a t o r ?  A gain  l e t  us  f i r s t  c o n s id e r  th e  t y p i c a l  a n io n i c  i n i -  
21t i a t o r s  w hich  f a l l  u n d e r  two h e a d in g s :  (1) i o n i c  o r  io n o g en lc
•J« Ml
s u b s ta n c e s  o f  th e  ty p e  x y where th e  a c t u a l  o r  p o t e n t i a l  a n io n  (y )
can  add to  monomer to  form a c a rb a n io n  which c a n  th e n  p r o p a g a te .  The 
+gegen  io n  x may b e  i n o r g a n i c  o r  o r g a n ic  and i s  u s u a l l y  a c a t i o n  d e ­
r i v e d  from an a l k a l i  o r  a l k a l i n e  e a r t h  m e ta l .  T h is  ty p e  o f  a n io n ic  
i n i t i a t o r  i n c lu d e s  l i t h i u m  a l k y l s ,  a l k a l i  m e ta l  am ides and a lk o x i d e s ,  
and G rig n a rd  r e a g e n t s  w i th  a  c o c a t a l y s t .  (2) F r e e  m e ta l s  which a r e  
a b l e  to d o n a te  an  e l e c t r o n  to  th e  monomer o r  some o t h e r  compound such
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a s  n a p h th a le n e  w i th  th e  c o n seq u e n t  fo rm a t io n  o f  a  r a d i c a l  io n  and a 
m e ta l  c a t i o n .  The f r e e  m e t a l s  a r e  g e n e r a l l y  a l k a l i  m e ta l s  such  a s  
Na, K, e t c .  Some g e n e r a l  c h a r a c t e r i s t i c s  o f  a n io n i c  i n i t i a t i o n  i n c lu d e  
(1) i n t e n s e  c o l o r  f o rm a t io n ;  (2) 1 /P n g e n e r a l l y  e q u a ls  k t /k.p[M];
(3) Rp i s  f i r s t  o r d e r  i n  b o th  i n i t i a t o r  and monomer c o n c e n t r a t i o n .  
A gain , i t  i s  v e ry  d i f f i c u l t  to  b e l i e v e  t h a t  BH i n  s t y r e n e  co u ld  be­
have l i k e  e i t h e r  o f  th e  two ty p e s  o f  a n io n i c  I n i t i a t o r s .  We a g a in  
r e p e a t  t h a t  we saw no c o lo r  d e v e lo p .  And o u r  1 / Pn r e l a t i o n s h i p  i s  
c o m p le te ly  d i f f e r e n t  from th e  1 /P n r e l a t i o n s h i p  f o r  a n io n i c  p o ly m e r i ­
z a t i o n .  We a l s o  o b se rv e d  t h a t  f o r  I n i t i a t i o n  by BH, Rp i s  3 /2  o r d e r  
i n  monomer and n o t  one  a s  p r e d i c t e d  f o r  a n io n i c  i n i t i a t i o n .  A l l  of 
o u r  k i n e t i c  e v id e n c e  can  o n ly  i n d i c a t e  t h a t  BH i n i t i a t e s  s t y r e n e  by an 
MIH s te p  g e n e r a t i n g  f r e e  r a d i c a l s  and t h a t  BH does n o t  i n i t i a t e  by an  
i o n ic  mechanism.
I s  i t  p o s s i b l e ,  however, t h a t  i n  th e  t r a n s f e r  o f  BH w i th  a 
p i p e t  to  our  p o ly m e r iz a t io n  am pou les , we may have formed a sm a l l  
amount o f  a h y d ro p e ro x id e?  H y d ro p e ro x id e s ,  i n  c o n t r a s t  w i th  o th e r  
i n i t i a t o r s ,  behave  a b n o rm a l ly  i n  s t y r e n e .
00H
BH + 0 2 (5-19)
(BOOH)
I t  i s  known t h a t  h y d ro p e ro x id e s  decompose i n  s t y r e n e  a s  h ig h  a s  100 
t im es  f a s t e r  th an  i n  n o n - o l e f i n i c  s o l v e n t s .  I n  a d d i t i o n ,  th e  decompo­
s i t i o n  r a t e s  i n  s t y r e n e  a r e  much l a r g e r  th a n  th e  v a lu e  p r e d i c t e d  from
R eproduced  with permission of the copyright owner. Further reproduction prohibited without permission.
191
t h e i r  a c t i v a t i o n  e n e rg y  f o r  d e c o m p o s i t io n ,  and R^ f o r  h y d ro p e ro x id e s
i s  f i r s t  o r d e r  i n  monomer j u s t  a s  i s  th e  MIH i n i t i a t i o n .
T e t r a l i n  h y d ro p e ro x id e  would s e r v e  a s  th e  b e s t  model f o r  o u r
22 23BOOH h y d r o p e ro x id e .  However, b o th  Benson and W all ing  have found
t h a t  a l l  h y d ro p e ro x id e s  behave  s i m i l a r l y  and have  v e ry  n e a r  th e  same
d e c o m p o s i t io n  r a t e s  i n  s t y r e n e .  T h e r e f o r e ,  we w i l l  u s e  th e  more ex -
23t e n s i v e  d a t a  o f  W a l l i n g 's  on t - b u t y l  h y d r o p e r o x id e .  W a l l i n g 's  d a ta  
a t  70°C i n d i c a t e  t h a t  0 .0 2  m ola r  J : - b u ty l  h y d ro p e ro x id e  i s  needed to  
o b t a i n  an  Rp o f  1 .3 x l 0 “ 5 ; we have  o b se rv e d  t h i s  same Rp a t  60°C u s in g  
o n ly  0 .01  m olar  BH. Thus, i f  t h e  r a t e s  we o b s e rv e d  w ere  due to  hydro ­
p e r o x i d e s ,  th e  BH would have  to  be c o n v e r te d  e n t i r e l y  to  h y d ro p e ro x id e  
L ik e w ise  t h e  v a lu e  o f  Cn„ a t  60°C o f  6 i s  a b o u t  100 timeB g r e a t e r  th a nml
th e  l a r g e s t  o b se rv e d  c h a in  t r a n s f e r  c o n s t a n t  f o r  t - b u t y l  h y d ro p e ro x id e  
Would h y d ro p e ro x id e  fo rm a t io n  be f e a s i b l e  a t  th e  t e m p e ra tu re s  we used 
to  make BH even though  we b iu n k e te d  ou r  r e a c t i o n s  w i th  N2? The answer 
i s  " n o ."  We p u r p o s e ly  made up a BH s o l u t i o n  e x a c t l y  l i k e  th o s e  s o lu ­
t i o n s  used  i n  ou r  p o ly m e r iz a t io n  s t u d i e s .  Then, w h i l e  k eep in g  i t  
c o l d ,  we bubb led  p u re  O2 i n  f o r  f i v e  m in u te s .  A mass s p e c t r a l  a n a ly ­
s i s  o f  t h i s  m a t e r i a l  a f t e r  f r e e z e - d r y  rem oval o f  s o l v e n t  ( a b s o l u t e l y  
no h e a t i n g )  showed no h y d ro p e ro x id e  m o le c u la r  i o n .
We can  o n ly  c o n c lu d e  t h a t  o n ly  BH d id  t h e  i n i t i a t i n g  by an MIH 
s t e p .  Only BH would have  a l a r g e  c h a in  t r a n s f e r  c o n s t a n t .  Only BH 
behaves  l i k e  AH.
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Expe r i m e n t a l
P r e p a r a t i o n s  and P u r i f i c a t i o n s
1 , 2 -M e th y le n e d lo x y -4 -p ro p e n y lb e n z e n e  (1,2-MP) (M atheson, C o le ­
man, and B e l l )  was vacuum d i s t i l l e d  th ro u g h  a 10cm column packed w i th  
g l a s s  beads and th e n  s t o r e d  a t  -18°C u n t i l  n eed ed .
M ale ic  A nhydride  (MA) (M atheson, Coleman and B e l l )  was vacuum 
sub lim ed  tw ic e  and th e n  s t o r e d  i n  a vacuum d e s i c c a t o r  o v e r  D r l e r i t e .
6 , 7 - M e th y le n e d io x y - 3 - m e th y l - l , 2 , 3 , 4 - t e t r a h y d r o n a p h t h a l e n e  
1 ,2 - d l c a r b o x y l l c  a n h y d r id e  (6,7-MMTDA) was p re p a re d  by th e  method o f
3
Hudson and R ob inson , The p a l e  y e l lo w  c r y s t a l s  formed w ere  i d e n t i f i e d  
by NMR ( F ig .  5-1  and T ab le  5 - 2 ) .  A n a l .  C a lcd  f o r  C m H i20s ;  C, 6 4 .6 ;
H, 4 .6 .  Found C, 6 3 .2 ;  a H, 4 .5 3 .
F u r f u r a l  (M atheson, Coleman, and B e l l ,  p r a c t i c a l  g ra d e )  was 
vacuum d i s t i l l e d  and th e n  s to r e d  a t  -18°C b e f o r e  u s in g .
Q u in o l in e  (B ake r ,  p r a c t i c a l  g r a d e )  was d r i e d  o v e r  KOH and used  
w i th o u t  f u r t h e r  p u r i f i c a t i o n .
C upr ic  S u l f a t e , CuSOt, (B ake r ,  r e a g e n t  g ra d e )  was used  w i th o u t  
f u r t h e r  p u r i f i c a t i o n .
2 - F u r a n a c r y l l c  Acid was p r e p a re d  by th e  method o f  R a ja g o p a la n  
24and Raman and was u se d  w i th o u t  f u r t h e r  p u r i f i c a t i o n .
2 -V in y l f u ra n  (2-VF) was p re p a r e d  by th e  method o f  Y, Hachihama 
25and M. Im oto . 2 - F u r a n a c r y l i c  a c id  (45 g) was d i s t i l l e d  s lo w ly  i n
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t h e  p r e s e n c e  o f  anhyd rous  CuSOi, (6 g) and q u i n o l i n e  (195 g )  g iv in g  20 g 
o f  2 - v l n y l f u r a n ,  which was vacuum d i s t i l l e d  (B .P , 49-50°C , 130 mm) 
th ro u g h  a  10 cm column packed w i th  g l a s s  b e a d s  and th e n  s to r e d  under 
n i t r o g e n  a t  -18°C b e f o r e  u s in g .  A na l .  NMR sp ec tru m  ( i n  CCli,, TMS i n ­
t e r n a l  s t a n d a r d )  gave  th e  c h a r a c t e r i s t i c  ABC spec trum  o f  a  v i n y l  a r o ­
m a t ic  a t  5 .2 5 ,  5 .5 0  and 6 .5 .
E th y l  e t h e r ,  anhyd rous  (B aker,  r e a g e n t  g ra d e )  was used  w i th o u t  
f u r t h e r  p u r i f i c a t i o n .
3 . 4 . 5 . 6-Tetrahydrocouman:on e - 4 ,5 - d i c a r b o x y l l c  a n h y d r id e  
(3 ,4 ,5 ,6 -T D A ) was p re p a re d  by th e  method o f  P a u l . ^ a ’^^  2 - v i n y l f u r a n  
(21 g) was p la c e d  i n  30 cc  o f  anhyd rous  e t h y l  e t h e r  i n  a 75 ml c o n ic a l  
f l a s k  and f i n e l y  ground m a le ic  a n h y d r id e  (21 g) was added to  t h i s  s o lu ­
t i o n  c a u s in g  an  im m edia te  y e l lo w  c o l o r a t i o n .  The f l a s k  was warmed 
g e n t l y  u n t i l  a l l  t h e  m a le ic  a n h y d r id e  had d i s s o l v e d ,  and th e n  th e  
f l a s k  was w e l l  s e a l e d  w i th  a glaBS s to p p e r .  A f t e r  e i g h t  d a y s ,  34 g 
(79% y i e l d )  o f  w h i t e  c r y s t a l s  w ere  i s o l a t e d .  The dim er was washed 
w i th  e t h y l  e t h e r  and th e n  r e c r y s t a l l i z e d  from m e th y le n e  c h l o r i d e .
A n a l . C a lcd  f o r  C io ,  He, Oi,: C, 6 2 ,5 ;  H, 4 .1 6 .  Found: C, 6 2 .1 2 ;
H, 4 .2 7 .
T e t r a h y d ro f u r a n  (B aker,  r e a g e n t  g ra d e )  THF was u sed  w i th o u t  
f u r t h e r  p u r i f i c a t i o n .
4 . 5 . 6 . 7 -T e trah y d ro c o u m a ro n e -4 , 5 - d i c a r b o x y l i c  a n h y d r id e  
(4 ,5 ,6 ,7 -T D A ) i s  p r e p a re d  by ad d in g  3 ,4 ,5 ,6 -T D A  (1 g) to  10 cc of 
g l a c i a l  a c e t i c  a c id  s a t u r a t e d  w i th  anhydrous  HC1 and s t i r r i n g  f o r  1 h r .
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a t  room te m p e ra tu re . '  Vacuum rem oval o f  th e  a c e t i c  a c id  fo l lo w e d  by 
r e c r y s t a l l i z a t i o n  I n  THF g iv e s  0 .4  g o f  p a l e  y e l lo w  m a t e r i a l .  Ana3.. 
Calcd  f o r  C i 0HBOit: C, 6 2 .5 ;  H, 4 .1 6 ;  Found: C, 6 2 .2 2 ;  H, 4 .7 5 .
3 , 6 -D ih y d ro -4 . 4 . 5 . 5 -T e tracyanocoum arone  (3 ,6-D T) TCNE (1 .0 0  g) 
was added to  a s t i r r e d  m ix tu r e  o f  2 - v in y l f u r a n  ( 1 .0 0  g )  i n  20 cc  o f  
e t h y l  e t h e r  c o o led  to  0°C c a u s in g  an  im m edia te  p u r p l e  c o l o r a t i o n .
A f t e r  th e  D ie l s  A ld e r  a d d i t i o n  o f  TCNE was c o m p le te d ,  I n d i c a t e d  by th e  
d i s a p p e a r a n c e  o f  th e  p u r p l e  c o l o r ,  th e  e t h y l  e t h e r  was removed under  
vacuum * and th e  s o l i d  (2 g) w hich  rem ained  was e x t r a c t e d  w i th  m eth y le n e  
c h l o r i d e  and r e c r y s t a l l i z e d .  A n a l . C a lcd  f o r  Ci2H6Ni*0: C, 6 4 .9 ;
N, 2 5 .2 ;  H, 2 .7 .  Found: C, 6 5 .1 6 ;  N, 2 6 .0 2 ;  H, 2 .5 2 .
T e t r a c y a n o e th y le n e  (TCNE) was th e  g e n e ro u s  g i f t  o f  D r. R o b e r t  
A. M cllhenny  o f  th e  LSU N u c le a r  S c ie n c e  D epartm ent and i t  was used  
w i th o u t  f u r t h e r  p u r i f i c a t i o n .
2 - V in y lp y r ld in e  and 4 - v i n y l p y r i d i n e  ( R e i l l y  Tar and Chem ical 
C o rp . )  w ere  vacuum d i s t i l l e d  and th e n  s to r e d  i n  a f r e e z e r  a t  -18°C 
u n t i l  u se d .
E th y l  a z o d lc a r b o x y l a t e  (EADC) was s y n th e s i z e d  by th e  method 
o f  J .  C. K a u e r . ^
2 - V ln y l th io p h e n e  (2-VT) was s y n th e s i z e d  by th e  method o f  
27Emerson and P a t r i c k  w hich in v o lv e s  c h l o r o e t h y l a t i o n  o f  th io p h e n e  
u s in g  p a ra ld e h y d e  and h y d r o c h lo r i c  a c id  fo l lo w e d  by d e h y d r o c h lo r in a ­
t i o n  w i th  p y r i d i n e .  I t  was vacuum d i s t i l l e d  tw ic e  (B .P . 6 5 -6 7 ° /5 0  mm) 
and th e n  s to r e d  i n  a f r e e z e r  a t  -20°C un d e r  n i t r o g e n .  Im m ed ia te ly
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p r i o r  t o  u s e ,  i t  was p a s se d  th ro u g h  a n  a c t i v a t e d  a lum ina  column to  
remove any h y d r o p e r o x id e s .  I t  was a n a ly z e d  by NMR showing th e  
c h a r a c t e r i s t i c  ABC spec trum  o f  a v i n y l  a r o m a t i c ,  a b s o rb in g  a t  5 .2 0 ,  
5 .3 9 ,  and 6 .3 8  ppm.
D ie th y l  C a rb o n a te  (M atheson, Coleman and B e l l ,  r e a g e n t  g ra d e )  
was used  w i th o u t  f u r t h e r  p u r i f i c a t i o n .
H y d ra z in e , a n hyd rous  (M atheson, Coleman and B e l l )  was u sed  
w i th o u t  f u r t h e r  p u r i f i c a t i o n .
E th o x y c a rb o n y lh y d ra z in e  ( e t h y l  N -am inocarbam ate)  was made by 
28th e  method o f  0 .  D i e l s .  D i e th y l c a r b o n a te  (200 g) was mixed w i th  
anhydrous  h y d r a z in e  ( 5 4 . A g) and th e n  s t i r r e d  f o r  15-20  m in u te s .
A f t e r  s ta n d in g  7 h o u r s ,  th e  m ix tu re  was d i s t i l l e d  a t  13-17 mm a t  
35-40° to  remove th e  a l c o h o l .  A f t e r  c o o l i n g ,  th e  rem a in d e r  s o l i d i ­
f i e d  fo rm ing  160 g o f  w h i t e  c r y s t a l l i n e  m a t e r i a l .  I t  was used w i th ­
o u t  f u r t h e r  p u r i f i c a t i o n .
4 -P h e n y l-1 -e th o x y c a rb o n y l  s e m ic a rb a z id e  (Et02NHNHC0NHPh) was
29made by th e  method o f  Z ln n e r  and D eucker.  E th o x y c a rb o n y lh y d ra z in e  
(24 g) i n  120 ml o f  b enzene  was t r e a t e d  d ro p w ise  w i th  p h e n y l i s o c y a n a te  
(25 g) and th e  s o l u t i o n  r e f l u x e d .  A f t e r  c o o l i n g ,  a  98% y i e l d  o f  s o l i d  
s e m ic a rb a z id e  was i s  l a t e d  and used  w i th o u t  f u r t h e r  p u r i f i c a t i o n .
t - B u t y l  h y p o c h l o r i t e  was made by th e  method o f  T e e te r  and
B e l l . 30
4 - P h e n y l - l , 2 , 4 - t r i a z o l i n e - 3 , 5 -d io n e  (4-PTD) was made a c c o rd in g
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1 Afito  th e  method o f  Cookson, G i l a n i  and S te v en s  b u t  m e th y le n e  c h l o r i d e  
was used  a s  th e  s o l v e n t  I n s t e a d  o f  a c e to n e  o r  d lo x an e  a s  we found I t  
e a s i e r  to  rem ove. t^-Butyl h y p o c h lo r i t e  ( 2 . A g) was added d ropw lse  
w i th  s t i r r i n g  to  a s u s p e n s io n  o f  4 - p h e n y l - l , 2 , 4 - t r i a z o l i d i n e - 3 , 5 - d i o n e  
(3 ,74  g) i n  50 cc  o f  m e th y le n e  c h l o r i d e  a t  room t e m p e ra tu re .  A f t e r  
30 m in . ,  th e  deep r e d  c l e a r  s o l u t i o n  was e v a p o ra te d  to  d ry n e s s  under 
red u c e d  p r e s s u r e  g iv in g  a q u a n t i t a t i v e  y i e l d .  Vacuum s u b l im a t io n  of 
th e  r e s i d u e  a t  t e m p e r a tu r e s  below 40°C gave a v e ry  p u re  sample i n  
a b o u t  50% y i e l d .  I t  was s t o r e d  i n  a l i g h t  s h i e l d e d  vacuum d e s i c c a t o r  
u n t i l  u s e d .
S ty re n e  (B ake r ,  r e a g e n t  g ra d e )  was a l lo w e d  to  s ta n d  o v e r  mag­
nesium  s u l f a t e  f o r  24 h o u rs  fo l lo w e d  by p r e p o ly r a e r i z a t i o n  and th e n  
d i s t i l l a t i o n  a t  red u ced  p r e s s u r e  under  n i t r o g e n  im m ed ia te ly  p r i o r  to  
u s e .
M e t h y l  A c r y l a t e  (Rohm a n d  H a a s )  w a s  p r e p o l y m e r i z e d  by  b e n z o y l  
p e r o x i d e  a n d  t h e n  d i B t l l l e d  a t  r e d u c e d  p r e s s u r e  u n d e r  n i t r o g e n  imme­
d i a t e l y  p r i o r  t o  u s e .
3 , 6 -D ih y d ro -4 , 5 - d i a z o l i d ln e b e n z o th i o p h e n e - 4 , 5 -d ic a rb o x y l -N -  
p h en y lim id e  (3,6-DDDP). 4 - P h e n y l - l , 2 , 4 - t r i a z o l i n e - 3 , 5 - d i o n e  (0 .1 7 5  g) 
was d i s s o l v e d  i n  15 cc o f  m e thy lene  c h l o r i d e  and th e  s o l u t i o n  was 
added d ro p w ise  to  a s t i r r e d  s o l u t i o n  o f  2 - v in y l th i o p h e n e  (0 .1 1  g )  in  
5 cc o f  m e th y le n e  c h l o r i d e  a t  -20°C . The r e a c t i o n  t a k e s  p l a c e  i n s t a n ­
ta n e o u s ly  a s  ju dged  by d i s c h a r g e  o f  th e  r e d  c o l o r  o f  th e  t r l a z o l i n e  
upon c o n t a c t  w i th  th e  2-VT s o l u t i o n .  The m e th y le n e  c h l o r i d e  was 
removed under reduced  p r e s s u r e  l e a v in g  a q u a n t i t a t i v e  y i e l d  o f  f a i n t
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Yellow s o l i d  a d d u c t ,  I t  was i d e n t i f i e d  by NMR ( F ig .  5 -12  and 
T ab le  5 - 6 ) .  The IR sp ec tru m  i s  shown i n  F i g u r e  5 -1 6 .  A TGA r e v e a l s  
th e  s o l i d  b e g in s  decom posing a ro u n d  40°C w i th  no d e f i n i t i v e  m e l t in g  
p o i n t  a t  h ig h e r  t e m p e r a t u r e s .  A n a l . C a lc d .  f o r  C iiiHnNsC^: C, 5 8 .9 5 ;
N, 1 4 .7 4 ;  H, 3 .8 6 .  Found C, 5 7 .1 9 ;  N, 1 3 .9 3 ;  H, 3 .6 2 .
When 3,6-DDDP was to  be u sed  i n  t h e  s tu d y  o f  i t s  i n i t i a t i n g  
a b i l i t y  i n  s t y r e n e  and  m e th y l  a c r y l a t e ,  i t  was p r e p a r e d  im m ed ia te ly  
b e f o r e  u s in g  a t  -40°C  u n d e r  a  n i t r o g e n  b l a n k e t  to  m in im iz e  o x i d a t i o n .  
The p i p e t t e s  u sed  f o r  t r a n s f e r r i n g  s o l u t i o n s  o f  3,6-DDDP w ere  f lu s h e d  
w i th  m e th y le n e  c h l o r i d e  and th e n  d r i e d  w i th  N2 im m e d ia te ly  p r i o r  to  
u s e .  The s o l u t i o n  o f  (3,6-DDDP) was t h e n  p i p e t t e d  i n t o  a n i t r o g e n  
b l a n k e t e d  ampoule fo l lo w e d  Im m ed ia te ly  by rem ova l o f  t h e  m e th y le n e  
c h l o r i d e  by f r e e z e  d r y in g  un d e r  red u c e d  p r e s s u r e .  A f t e r  com p le te  
rem oval o f  s o l v e n t ,  t h e  ampoule was th e n  b l a n k e t e d  w i th  N2 and th e  
c o r r e c t  amount o f  monomer was p i p e t t e d  i n t o  t h e  am poule .
Pr o c e d u r e s  f o r  P o ly m e r iz a t io n
Samples w ere  p re p a r e d  by f i r s t  p l a c i n g  th e  d e s i r e d  amount o f  
t h e  MIH i n i t i a t o r  3,6-DDDP i n  m e th y le n e  c h l o r i d e  i n  10 ml g l a s s  am­
p o u le s  and th e n  rem oving  t h e  m e th y le n e  c h l o r i d e  under  red u c e d  p r e s s u r e .  
Then th e  d e s i r e d  amount o f  s t y r e n e  was added  t o  th e  ampoule which was 
th e n  a t t a c h e d  t o  a  vacuum l i n e  and th e  ampoule c o n te n t s  f r o z e n  i n  
l i q u i d  n i t r o g e n .  The am poules w ere t h e n  e v a c u a te d  to  a b o u t  0 .1  mm, 
p r e s s u r e d  w i th  n i t r o g e n ,  and th e  c o n t e n t s  m e l te d  to  d e - a i r .  This  
p r o c e s s  was r e p e a t e d  tw i c e ;  th e  am poules w ere f r o z e n  once  more and 
s e a l e d  o f f  under  vacuum. R e a c t io n s  w ere  c a r r i e d  o u t  by im m ersing th e  
am poules i n  a c o n s t a n t  t e m p e ra tu re  b a th  o f  t h e  d e s i r e d  t e m p e ra tu re  
u n t i l  a p p ro x im a te ly  1% c o n v e r s io n  o f  monomer had  o c c u r r e d .
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F r e e z e  D ry ing  P ro c e d u re s
The method u sed  f o r  f r e e z e - d r y i n g  polym er sam ples  was a  m od i-
31f i c a t i o n  o f  th e  method o f  Lewis and Mayo. Polymer sam ples  were 
t r a n s f e r r e d  from th e  am pou les ,  u s in g  20-30 ml o f  r e a g e n t  b e n z en e ,  to  
t a r e d  125 ml E rlenm eyer f l a s k s .  The f l a s k  c o n t e n t s  w ere th e n  f r o z e n  
u s in g  l i q u i d  n i t r o g e n .  F r e e z e - d r y in g  was a c co m p lish e d  by a t t a c h i n g  
th e  f l a s k s  to  a vacuum l i n e  a t  a b o u t  0 .5  mm f o r  s u f f i c i e n t  t im e to 
remove a l l  v o l a t i l e  p o r t i o n s .  T h is  was r e p e a t e d  u n t i l  a  c o n s t a n t  
w e ig h t  had been  o b t a i n e d .
P ro c e d u re  f o r  M o le c u la r  W eight D e te rm in a t io n
M o le c u la r  w e ig h t  d e t e r m i n a t i o n s  w ere  c a r r i e d  o u t  w i th  a  g e l  
p e rm e a t io n  ch rom atograph  (GPC) Model 200 from W aters  A s s o c i a t e s .  A l l  
work was done u s in g  t e t r a h y d r o f u r a n  (THF) a s  th e  s o l v e n t  and w i th  th e  
in s t r u m e n t  o p e r a t i n g  t i t  45°C. S o lv e n t  f low  r a t e s  o f  ca  1 .0  m l/ra in  
w ere  u sed  th ro u g h o u t .  A l l  o f  th e  p o l y s t y r e n e  sam ples  ch rom atographed  
w ere  0.12% and 0.25% s o l u t i o n s  i n  THF and i n j e c t i o n  t im es  w ere  2 m in . 
The columns used  th ro u g h o u t  w ere  one 4 f t  s e c t i o n  o f  l x lO 6 X. g e l ,  two 
4 f t  s e c t i o n s  o f  5x10** % g e l ,  and one 4 f t  s e c t i o n  of l x lO 1* % g e l .
C a l i b r a t i o n  o f  th e  CPC was c a r r i e d  o u t  u s in g  e i g h t  p o l y s t y r e n e  
s t a n d a r d s  o f  narrow  m o le c u la r  w e ig h t  d i s t r i b u t i o n  s u p p l i e d  by W aters  
A s s o c i a t e s .  A s t r a i g h t  l i n e  was drawn th ro u g h  th e  f i r s t  f i v e  p o i n t s  
on a p l o t  o f  log  (M  ̂ x Mn ) 0 , s  v s .  e l u t i o n  volum e. The s lo p e  and i n t e r ­
c e p t  w ere c a l c u l a t e d  u s in g  a  l e a s t  s q u a re  com puter program . T h is  was 
r e p e a te d  f o r  th e  l a s t  f o u r  p o i n t s  a s  w e l l  ( F ig .  5 - 2 0 ) .
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E l u t i o n  Volume ( c o u n t s )
F ig u re  5 -2 7 .  GPC C a l i b r a t i o n  o f  Column S e t  A; Root Mean Square  
M o le c u la r  Weight v s .  E l u t i o n  Volume ( c o u n ts )
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P ro c e d u re  f o r  BH D e te rm in a t io n  I n  Polymer Samples
S in c e  t h e  GPC a l s o  s e p a r a te d  and r e c o r d e d  th e  BH t h a t  r e ­
m ained a f t e r  th e  p o ly m e r iz a t io n  was o v e r ,  we u se d  th e  GPC to  d e te rm in e  
th e  amount o f  BH i n  each  polymer sam p le .  We p r e p a re d  a c a l i b r a t i o n  
c u rv e  and found t h a t  th e  GPC peak  h e i g h t  f o r  BH d i r e c t l y  c o r r e l a t e d  
w i th  th e  BH c o n c e n t r a t i o n  ( F ig ,  5 - 2 8 ) .  T h e r e f o r e  by knowing th e  
amount o f  BH i n  each  GPC sam ple we co u ld  c a l c u l a t e  th e  amount o f  BH 
i n  th e  t o t a l  polymer sam p le .  However, s i n c e  we a r e  u n a b le  to  c l e a r l y  
d i s t i n g u i s h  BH from r e a r r a n g e d  BH ( se e  page 7 4 ) ,  t h i s  r a i s e s  th e  q u e s ­
t i o n  o f  w he the r  BH un d e rg o es  a r e t r o  D ie l s  A ld e r  s t e p  under  p o ly m e r i ­
z a t i o n  c o n d i t i o n s .  I f  t h i s  s t e p  o c c u r s ,  4-PTD would be  g e n e ra te d  i n  
s i t u  and c o u ld  r e a c t  w i th  s t y r e n e  form ing  a  new AH a d d u c t ,  CH. Con­
c e iv a b ly ,  CH co u ld  i n i t i a t e  s t y r e n e  c a u s in g  some o f  th e  o b se rv e d  i n ­
c r e a s e  i n  To d e te rm in e  th e  r e l a t i v e  im p o r ta n c e  o f  t h e s e  r e a c ­
t i o n s ,  one sho u ld ,  f i r s t l y ,  s tu d y  th e  e f f e c t  on R p ^  when 4-PTD i s  
added t o  s t y r e n e ,  a n d ,  s e c o n d ly ,  s tu d y  th e  r a t e  o f  th e  r e t r o  D ie l s  
A ld e r  s t e p  o f  BH.
14P re v io u s  s t u d i e s  have i n d i c a t e d  t h a t  add ing  s t y r e n e  to  4-PTD 
g e n e r a t e s  th e  one s t y r e n e  to  two PTD d o u b le  D i e l s  A ld e r  p r o d u c t ,  
w hereas  th e  i n  s i t u  g e n e r a t i o n  o f  4-PTD i n  s t y r e n e  sh o u ld  g i v e  CH a s  
w e l l  a s  t h e  two s t y r e n e  to  one  PTD ene p ro d u c t  (page  5 6 ) .  We a t te m p te d  
to  s y n t h e s i z e  o n ly  CH by a d d in g  a  m e th y le n e  c h l o r i d e  s o l u t i o n  (15 cc )  
o f  4-PTD (0 .175  g) to  a s t i r r e d  s o l u t i o n  o f  s t y r e n e  (0 .1 0 4  g) i n  
m eth y le n e  c h l o r i d e  (5 c c )  a t  -20°C . A f t e r  vacuum rem oval o f  s o l v e n t ,  
we d i s s o l v e d  th e  re m a in in g  s o l i d  i n  one cc o f  d ^ - a c e to n e .  U n fo r tu ­
n a t e l y  th e  NMR sp e c tru m  o f  t h i s  s o l u t i o n  was u n i n t e r p r e t a b l e  and we 
w ere  u n a b le  t o  d e te rm in e  th e  s t r u c t u r e  o f  o u r  p r o d u c t .
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